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Abstract 
A suite of biomarkers was developed using the crab Carcinus maenas and the mussel 
Mytilus edulis as test organisms. The ability of the biomarkers to differentiate amongst 
the major toxic components and to indicate the concentration of chemical mixtures was 
evaluated in the laboratory. Biomarkers were also applied in a field trial and their 
potential to monitor environmental water quality in a chemically contaminated estuary 
investigated. The results from the biomarker assays were compared with and validated 
against two commonly used toxicity tests (Tisbe battagliai LC-50, and Microtox®). 
Novel methods for recognising patterns of biomarker responses were developed and 
assessed. 
The most sensitive and reliable biomarker assays investigated were neutral red retention 
time in crabs and mussels and heart rate and glutathione-S-transferase activity in crabs. 
Effects were observed at environmentally realistic concentrations; for example 
lysosomal enlargement was observed in mussels exposed to a complex mixture 
containing chemicals at environmental quality standard concentrations. Exposure 
concentrations required to illicit biomarker responses were similar to toxicity test EC-50 
values. The ease of interpretation and clarity of the results was enhanced when data 
from suites of biomarkers were pooled and analysed using multivariate statistical 
techniques (multidimensional scaling and cluster analysis). Multivariate analysis 
differentiated amongst mixtures containing solely organic chemicals, metals and metal 
and organic chemical mixtures. Exposure response relationships to complex mixtures 
were established for some of the individual biomarkers tested (crab heart rate and gill 
metallothionein) and also for suites of biomarkers when multivariate analysis was 
carried out. In the field biomarkers, in both transplanted and indigenous animals, were 
able to differentiate between clean and contaminated sites and indicate a pollution 
gradient along the Tees Estuary. This was not achieved using toxicity tests. The results 
were displayed clearly using multivariate analysis, enhancing the power of biomarkers 
as monitoring tools. 
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Chapter 1: Introduction 
A large percentage of waste, both industrial and domestic, enters the aquatic 
environment, either directly, through outflow pipes, or indirectly, for example by 
atmospheric deposition or as runoff from contaminated land. In the past waste was 
disposed of with little consideration of possible consequences to environmental health. 
It was only when human health was affected that environmental pollution was seen as a 
problem environmental protection itself was considered to be much less of a concern 
(Phillips and Rainbow 1993). The realisation of the need to regulate and monitor 
pollution was prompted by large scale disasters such as the mercury contamination of 
Minimata Bay, Japan in the late 1950's and early 1960's. Mercury dumped into the bay 
by chemical companies accumulated in fish and shell fish at high concentrations. These 
highly poisonous concentrations of mercury were then passed on to those who ate the 
fish, resulting in death (107 fatalities), paralysis and birth defects in the surrounding 
population (Takeuchi, 1972; Nriagu, 1988; Ambrose, 1998). Recently environmental 
awareness has increased: the need for pollution control has become widely accepted in 
western nations and, to some extent, on a global scale as highlighted by the Rio Earth 
Summit in 1992 (UNCED, 1992). 
Pollution in the UK has increased along with industrialisation, by the 1970's pollution 
of surface waters was widespread, with eutrophication of many rivers and estuaries. 
There was an associated decrease in biodiversity, some rivers becoming completely 
devoid of higher organisms (Mason, 1996a). For example, along the Tees Estuary on the 
North East coast of England, from the 1950s to the 1970s, migratory fish disappeared, 
stretches of water were at times completely de-oxygenated and the 
BOD (biochemical 
oxygen demand) of effluent inputs exceeded 
500 tonnes day"' (Brady 1983). Such 
1 
obvious deleterious effects and growing public concern prompted more stringent control 
measures. 
Ministers and members of the European Commission, at the convention for the 
protection of the marine environment of the north-east Atlantic, stated that a target of 
cessation of discharges, emissions and loses of hazardous substances was hoped to be 
achieved by the year 2020 (OSPAR, 98). For the foreseeable future however, industrial 
processes will continue to produce wastes which represent a threat to the aquatic 
environment. There is therefore, a need to control and monitor waste both prior to its 
release, and once in the environment. Legislation is required to ensure that chemicals are 
tested, risk assessments carried out and the environment monitored. There follows a 
brief history of UK environmental legislation and monitoring practices regarding 
effluent disposal both before and after entry into the aquatic environment. 
I. I. AQUATIC POLLUTION: LEGISLATION, AND CHEMICAL RISK 
ASSESSMENT 
I. I. I. History of aquatic pollution legislation in the UK 
The first legislation concerning the control of water quality in the UK was the Rivers 
Pollution Protection Act of 1876. The Act was brought about following serious de- 
oxygenation of the River Thames, due to the disposal of domestic (sewage) and 
industrial effluent into the river. The Act made it a criminal offence to pollute any 
British river, but the Act was almost impossible to enforce. The 1937 Public Health 
(Drainage of Trade Premises) Act was the first act to directly address the problem of 
discharges from factories. Effluent discharges into rivers were first regulated in 1951 
when the Rivers (Prevention of Pollution) Act was introduced. This allowed major 
2 
industries to release chemicals into nontidal waters based on a system of conditional 
consents for individual discharges (Garbutt, 1995). Consents were, and still are, based 
on setting limits for bulk properties, individual chemicals and volume of discharge. The 
quantity and type of waste that was permitted to be discharged by a given consent 
depended on the nature, volume and use of the receiving water (Rossi, 1996). The Act 
did not mention tidal waters and so industry grew around estuaries with little or no 
control in most cases. Ten years later, the 1961 Public Health Act was brought into force 
(Garbutt, 1995). It included a requirement that consents be issued for new discharges 
into tidal waters, and permitted conditions to be imposed on consents (such as when 
waste can be released, the flow rate, sampling methods and frequency) and for those 
conditions to be varied (ENDS, 1992; Garbutt, 1995). It was only when the Control of 
Pollution Act 1974 came into force that all effluents discharged into estuaries were 
subject to consents (Brady et al., 1983) 
1.1.2. Current UK aquatic pollution legislation 
A series of acts, such as the Rivers (Prevention of Pollution) Act 1960; Waters Act 
1974; Control of Pollution Act 1974 and the Environmental Pollution Act 1990, all lead 
up to the Water Consolidation Consequential Provisions Act 1991. It consisted of four 
new acts: the Water Industry Act 1991; Water Resources Act 1991; Statutory Water 
Companies Act 1991; and the Land Drainage Act 1991 (as amended by the Land 
Development Act 1994), and superseded the previous acts. The objectives of this, 
together with the Environmental Pollution Act 1990, include the control of 
environmental pollution through Integrated Pollution Control (IPC) using the Best 
Available Technology/Technique Not Entailing Excessive Costs (BATNEEC). Further 
objectives are: to improve the quality of water, including the North Sea and coastal 
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waters; to establish levels of emissions that water can safely tolerate and introduce 
control mechanisms based on them; to regulate and rationalise the management of 
waste; and to maintain, and strengthen where necessary, controls over pollution from 
industry and agriculture by dangerous chemicals and other substances (Franklin et al. , 
1996). The Environment Act 1995 established Environment Agencies for England and 
Wales and SEPA (Scottish Environmental Protection Agency) in Scotland to centralise 
and co-ordinate regulation and control. To date, the majority of interpretation and 
application of legislation is based on the effects of single chemicals and the effects of 
mixtures of chemicals found in complex wastes are rarely accounted for. 
1.1.3. EC Legislation 
After Britain joined the European Community (EC) in January 1973 it also became 
subject to its directives, such as the Dangerous Substances in Water Directive 
(76/464/EEC), which aims to reduce or eliminate the discharge of specified dangerous 
substances to water. More recent directives relating to the state of the environment 
include the Environmental Impact Assessment Directive (85/337/EEC) which came into 
force in 1988 and requires the developers for projects, including industrial projects 
which are likely to affect the marine environment, to provide impact assessment 
information to the relevant competent authority. This Directive has now been 
superseded by Directive 97/11/EC which has to be implemented by March 1999. The 
Urban Waste Water Treatment Directive (91/27 1 /EEC) requires that industrial waste 
water discharges from treatment plants do not adversely affect the environment. 
Emissions to air water and land from the potentially most polluting industrial processes 
will also be controlled under the Integrated Pollution Prevention and Control (IPPC) 
Directive (Directive 96/61/EC). IPPC must be implemented by October 1999. EC 
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environmental legislation standards are incorporated into UK legislation via statutory 
instruments (Franklin et al., 1996). 
1.1.4. History of chemical risk assessment in the UK and EC 
The legal requirement to test individual chemicals prior to release into the environment 
is a relatively recent phenomenon, although chemical testing and toxicity information 
were used indirectly to set consent standards. As with the recognition of a need for 
legislation of discharges, it took large scale deleterious environmental effects, linked to 
chemical contamination, for chemical testing to become a legal necessity. The negative 
effects of useful products were highlighted by chemicals such as the organochlorine 
insecticide DDT (dichloro-diphenyl-trichloroethane). Egg shell thinning, caused by the 
bioaccumulation of DDT (Moriarty, 1988), resulted in the population decline of rare 
birds at the top of the food chain, such as the sparrowhawk and peregrine falcon 
(Ratcliffe, 1970,1997; Peakall, 1975). As the cause of larger scale pollution incidents 
could often be attributed to a single chemical, ecotoxicological testing was confined to 
single chemical toxicity tests. No ecotoxicological testing was carried out on mixtures 
of chemicals and so possible interactive effects between chemicals (such as 
precipitation) or effects of combinations of chemicals on biota (for example synergistic 
or antagonistic effects) would remain undiscovered. 
Legislation regarding the testing of chemicals in Britain has for the last 25 years been 
dictated by European Community directives. The first EC directive requiring new 
chemicals to undergo risk assessment to man and the environment 
before being placed 
on the community market, Directive 79/831 /EEC, was passed 
in 1979. This directive 
required testing if more than one tonne per annum of the compound was 
to be produced 
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(Agg and Zabel, 1990). The directive was amended by EC directive (92/32/EEC) which 
was passed in 1992. It required risk assessment with respect to man and the environment 
for all new chemicals and required environmental classification and labelling. All 
chemicals manufactured before the 1991 directive became law are required to be 
examined, but there is a large backlog of chemicals to be tested. In the meantime these 
chemicals continue to be released into the environment. Given that there are an 
estimated 100 000 chemicals currently registered within the EC (Agg and Zabel, 1990), 
the environment is being exposed to many substances about which very little is known. 
It is estimated that between 5 and 10 % of chemicals have been tested for their toxicity, 
and the toxicity of chemicals to aquatic organisms has been ascertained for less than 1% 
of these (Martell 1988). The effects of mixtures have not been considered at all. 
1.1.5. Current procedures for chemical risk assessment 
Prior to release into the environment, chemicals undergo a series of tests (chemical and 
toxicity) depending on the tonnage produced and consents, based on the outcome of 
these tests, are then issued. Marine toxicity tests are carried out on both fish (plaice, 
Pleuronectes platessa, and turbot, Scopthalmus maxima) and crustacea (Acartia tonsa or 
Tisbe battagliai). The acute toxicity is generally measured using 24,48,72 and 96 hour 
LC-50s (lethal concentration to 50% of individuals). Chronic toxicity tests to fish, based 
on the tendency of the chemical to bio-accumulate, its effect on reproduction and the 
more sensitive early life stages are also used. Other information collected 
includes: 
inhibition of algal growth; biodegradability; vapour pressure; solubility and stability 
in 
water (hydrolysis); adsorption/desorption and the octanol/water partition coefficient 
(Byrne, 1988; Agg and Zabel, 1990). 
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The tests presently in use only look at single chemical metabolic toxicity: they do not 
consider any effects due to mixtures of chemicals, nor do they consider the genotoxicity, 
carcinogenicity or endocrine disrupting potential of a chemical. Chemicals that are 
carcinogenic and genotoxic have been shown to have deleterious effects on aquatic 
organisms found at anthropogenically contaminated sites (Hose, 1994; Pfau, 1997). A 
variety of common industrial chemicals: phthalate esters, DDT, PCBs, and components 
of food packaging materials and sewage effluent have been shown to disrupt the 
endocrine system in fish by mimicking the female sex hormone oestrogen (Sumpter and 
Jobling, 1995; Lye et al., 1997). Organisms are exposed to more than one chemical in 
the environment and so there may be effects between chemicals or additive effects on 
toxicity. 
1.1.6. Existing aquatic monitoring practices 
Water quality in rivers and estuaries around England and Wales is monitored by the 
Environment Agency (EA), which came into being in 1996. It brought together the 
regulatory functions of the NRA (National Rivers Authority), HMIP (Her Majesty's 
Inspectorate of Pollution) and the Waste Authorities: its objective is to carry out 
Integrated Pollution Control (IPC) (Rossi, 1996). The EA's principal method of 
controlling water pollution is through the regulation of all discharges into ground, inland 
and coastal waters. Public registers are maintained containing information about water 
quality, discharge consents, authorisation and monitoring (HMSO, 
1997). 
Water samples are taken regularly, usually monthly, from the end of effluent pipes and 
various physiochemical parameters are measured, such as 
the concentrations of 
chemicals mentioned in the companies' consents, 
biochemical oxygen demand (BOD), 
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ammonia, pH, dissolved oxygen and the concentration of nitrates. Toxicity is also 
occasionally assessed using the bioluminescent marine bacterial Microtox® assay 
(Microbics Inc., Carlsbad, USA). These samples are taken to ensure that the 
concentrations of chemicals at the end of the outflow pipes are within the limits 
imposed by the consents: if they are not the company may be liable to prosecution. 
Water samples, are also repeatedly taken (at least 12 times a year) at fixed monitoring 
sites along rivers, estuaries and around the coast to evaluate water quality (Environment 
Agency, 1995). Monitoring of coastal bathing water quality is based on coliform and 
faecal streptococci analysis (Environment Agency, 1996a). Biological water quality of 
rivers, based on macroinvertebrate communities, is also assessed in samples taken twice 
a year in autumn and spring (Environment Agency, 1995). 
Environmental Quality Standards 
The monitoring of water quality and the regulatory control of toxic discharges by the EA 
is based on achieving Environmental Quality Standards (EQS) in receiving waters. EQS 
are founded on the assumption that the equilibrium of a natural ecosystems will not 
become unbalanced by a certain amount of chemical contamination (Johnston et al., 
1991). Environmental concentrations of chemicals up to a given value, are permitted, 
based on the physical, chemical and toxicological properties of the individual chemicals. 
Environmental quality standards exist for over 60 substances with a further 30-40 
currently being derived in ongoing research programmes (Cartwright and 
Lewis, 1996). 
1.1.7. Limits of chemical monitoring 
The degree of contamination in the aquatic environment is at present monitored 
by 
measuring chemical concentrations. 
Increasingly sophisticated analytical techniques 
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have been developed so that minute concentrations (µg 1-land even ng 1"1) of known 
harmful chemicals can be detected in most media; air, water, sediment and body tissue. 
As has been realised by the EA, the usefulness of chemical determinations is limited 
(Environment Agency, 1996b). There are five main reasons for this: 
1. Regulation: it is not economically or logistically possible to monitor for all known 
chemicals all the time. 
2. Inhomogeneous environment: the physical and chemical composition of the aquatic 
environment is varied and so the toxicity of chemical contaminants is also liable to 
vary, this is especially true in estuaries. 
3. Fluctuations in contaminant loading: unless continuous monitoring is taking place, 
sudden bursts of pollutants are likely to pass unnoticed. 
4. Bioavailability: a concentration of a chemical does not necessarily reflect how much 
is in a biologically available form. 
5. Impact: the biological impact for a given concentration of a chemical is rarely known 
and is likely to vary with environmental conditions. 
These are discussed below. 
1. Regulation 
Current knowledge is such that only a small fraction of surface water chemicals can be 
identified and quantified. Effects of the compounds that are identified are often 
unknown (Hendricks, 1994). Choices have to be made as to which chemicals to monitor 
for: this is especially difficult when considering complex effluents as there are 
frequent 
temporal changes in effluent composition. Johnston et al. (1991) found very 
different 
chromatograms following analysis of three separate effluent samples 
from one 
manufacturing complex on the River 
Tees. Changes in effluent composition due to 
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chemical reactions or biological activity may also occur and such changes are difficult to 
predict, consequently monitoring is an imprecise science. 
2. Inhomogeneous environment 
Problems arise in assessing the environmental significance of contamination due to 
varied physical conditions within the environment, especially in estuaries. Estuaries can 
be stratified and have a gradient in chemical composition associated with the mixing of 
salt and fresh water (Dyer, 1997). There are marked axial gradients in ionic strength and 
in concentrations of individual chemical species, macrotidal estuaries generally also 
have a high concentration of suspended matter of variable composition (Kramer et al., 
1994). The behaviour of a compound or ion does not always follow a linear relationship 
with an index of the degree of mixing (such as salinity) in an estuarine environment 
(Burton and Liss, 1976): this makes it difficult to predict the behaviour of complex 
effluents. Additional problems may also arise in predicting estuarine chemical 
concentrations, and therefore in setting appropriate environmental quality standards, as a 
result of: high levels of biological activity; variations in river flow rates; current and 
tidal effects, contaminant adsorption onto or desorption from sediments and the 
possibility of extensive sediment resuspension which is associated with shallow water 
(Olausson and Cato, 1980; Phillips and Rainbow, 1993). This is recognised in the 
setting of different EQS for river, estuarine and marine environments which further 
complicates environmental protection (ENDS, 1992). 
3. Fluctuations in contaminant loading 
The majority of chemical monitoring methods use samples taken at random times 
throughout the year. The Environment Agency take samples 12 times a year 
from most 
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of their monitoring sites. The chances of catching sudden high bursts of pollutants as a 
result of batch processes or spills are therefore low. Techniques are needed that can 
identify the integrated effect of chemicals over time. In some industrial estuaries 
continuous monitoring equipment may be in place, but the high cost and need for 
supervision of such apparatus limits its use. 
4. Bioavailability of chemical contaminants 
The greater the bioavailability of a chemical the more likely it is to be toxic to aquatic 
life and the greater the need for its control. Conventional chemical monitoring is not 
easily able to identify the relative availability of a chemical contaminant to biota, 
especially if the contaminant is associated with sediment. The bioavailability of metal in 
estuarine sediment depends upon many processes such as: mobilisation of metals to the 
interstitial water and their chemical speciation; transformation (for example mercury to 
methylmercury); control exerted by the sediment components to which the metal is 
preferentially bound; competition between sediment metals for uptake sites in organisms 
and the influence of bioturbation, salinity, pH or redox on these processes. Consequently 
metal concentrations in sediment determined using chemical extraction techniques do 
not always correlate with metal concentrations in biota (Bryan and Langston, 1992). 
5. Impact of chemical contaminants 
Chemical measurements do not reveal the biological significance of contaminants in the 
environment (Shugart et al., 1992). A list of chemical concentrations present in the 
water column can not be used to predict the health of the organisms present in the 
environment. Other factors such as accumulation through the food chain are also 
difficult to take into account (Buchelli and Fent, 1995). The EA do monitor river sites 
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for macro invertebrate communities in order to assess any changes to the biota which 
may be due to anthropogenic contamination, changes can be linked to a particular input 
but it is much harder to link changes with particular pollutants. 
1.1.8. Limits of current toxicity testing. 
When toxicity data are used in risk assessment it is extrapolated from the laboratory to 
a hypothetical field situation. Organisms in the field are exposed to any chemical tested 
through a range of environmental conditions. The presence of other chemicals, their 
speciation and/or changes in variables such as temperature, salinity, pH and 02 may 
affect the toxicity of a chemical. These factors are not taken into account under the 
present legislative system. Hall and Anderson (1995) reviewed the literature on the 
results of toxicity tests at different salinities to fish and invertebrates using inorganic 
and organic chemicals. They found that, of 173 experiments reviewed, in 55% toxicity 
increased as salinity decreased, in 27% there was no relationship between toxicity and 
salinity and in 18% toxicity decreased as salinity decreased: so when assessing toxicity 
of a chemical predicting the effect of environmental factors on its toxicity may not 
always be entirely straightforward. 
Hendriks et al. (1994) showed that the concentrations of contaminants with known 
EC-50 values only explained 10 % of the toxicity of surface water samples from the 
Rhine Delta. Matthiessen et al. (1993) found water samples from the Tees Estuary to 
impair oyster embryo development, despite the individual concentrations of chemicals 
analysed (total hydrocarbons; the metals: Mn, Ni, Cu, Zn, 
Cd, Hg, PB; tributyl tin) all 
being below levels known to be acutely toxic to oyster embryos. Single chemical 
toxicity tests are not sufficient to account for the toxic effects of complex mixtures 
in 
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the environment and a more integrated approach to toxicity assessment is required (Van 
Loon et al. 1997). 
Considerable evidence exists of interactive effects of chemical mixtures on toxicity. 
Additive effects are frequently observed. Kim and Cooper (1998) found additive toxic 
effects (mortality) of binary mixtures of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) 
and 3,3', 4,4', 5-pentachlorobiphenyl (PCB 126), on newly fertilized eggs and one-month- 
old larvae of Japanese medaka (Oryzias latipes). Altenburger et al. (1996) found, using 
an algal biotest on 137 binary mixtures of pesticides and surfactants, that additivity 
leads to good predictions of mixture toxicities for most combinations, whereas 
assumption of toxicity independence underestimated the toxicities of mixtures. 
Abdelghani et al. (1997) investigated the acute toxicity of mixtures of three herbicides 
(2,4-D, Garlon-3A, and Roundup) to three species of freshwater organisms (channel 
catfish, Ictalurus punctatus; bluegill sunfish, Lepomis microchirus and crawfish, 
Procambarus spp. ); the combined toxic effects were either slightly antagonistic or 
additive. Masnado et al. (1995) found that mixtures of metals were toxic to larval 
fathead minnow (Ceriodaphnia dubia) at concentrations that single chemical toxicity 
test had deemed safe. Vanwijk et al. (1994) showed that the joint toxicity of some 
ethyleneamines to Selenastrum capricornutum, Daphnia magna, and Poecilia reticulata 
were in the majority of cases additive at the lethal level, a few combinations showing 
antagonistic or synergistic effects. 
Howe et al. (1998) observed synergistic effects when studying the acute toxicity of a 
50: 50 mixture of field-grade herbicide formulations of atrazine and alachlor to 
amphibian larvae and channel catfish 
(Ictaluruspunctatus) but not to rainbow trout 
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(Onchorhynchus mykiss). Arsenic was shown, by Stanley et al. (1994), to reduce the 
toxicity of selenium in the mallard (Anas platyrhynchos). It reduced selenium 
accumulation in liver and egg, and alleviated the effects of selenium on hatching success 
and embryo deformities. 
1.1.9. Future trends 
Current implementation of toxicity testing and water quality assessment have failed to 
adequately protect the aquatic environment therefore an alternative approach is needed. 
The biology and physiochemical properties of an area all have to be taken into account 
as do interactive effects of chemicals. More comprehensive analyses than current 
chemical measurements and toxicity tests are required. The way forward may be whole 
effluent toxicity assessment prior to discharge and more complete ecotoxicological 
assessment of the aquatic environment. 
Use of EQS has proven to be resource intensive and as a result less than 0.1 % of 
production chemicals have an EQS. Synergistic or antagonistic effects are not included 
in the assessments and by products of industrial processes have rarely been tested. The 
EA is therefore working towards an integrated approach to regulate toxic discharges 
based not only on the control of specific substances but also on Direct Toxicity 
Assessment (DTA) and biological assessment. Direct Toxicity Assessment uses 
toxicity-based as opposed to chemical-based consents. Wide spread use is still in the 
developmental stages in Britain, although toxicity based conditions in discharge licenses 
have been commonly used in the US for over 15 years. They have also been used 
successfully in Canada and other European countries 
(Environment Agency, 1996b). 
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1.2. POLLUTION ASSESSMENT USING BIOLOGICAL TECHNIQUES 
The biological assessment of pollution can occur at many different levels of biological 
organisation: molecular, cellular, organ, individual, population, community and 
ecosystem (Haux and Förlin, 1988). The measurement of the effects of chemicals on 
biological systems can be divided into approximately four categories as defined below. 
1. Toxicity tests: a procedure conducted in order to measure the degree of effect on test 
organisms of a specific chemical, mixture of chemicals, effluent or environmental 
sample (Environment Agency, 1996b) and producing, at the end of the test, a value 
that is the effective or lethal concentration to x percent of the organisms present, an 
EC-x or LC-x value. 
2. Biomonitoring: a biological monitor organism provides the means for regular 
surveillance of an environments and may also be used to quantify the amount of a 
pollutant present in a particular environment (Martin and Coughtrey, 1982). 
3. Biotic indices and community effects: biotic indices make use of bioindicators 
(biological indicators); organisms which by their presence, or absence, indicate the 
existence, or abundance, of a particular critical factor (Martin and Coughtrey, 1982); 
community effects consider changes in community structure and relate them to 
changes in environmental conditions. 
4. Biomarkers: biochemical, cellular, physiological or behavioural variations that can be 
measured in tissue or body fluid samples or at the level of whole organisms (either 
individuals or populations) that provide evidence of exposure to and/or effects of one 
or more chemical pollutants (and/or radiation) (Depledge, 1993). 
A brief description and review of the literature for biomonitoring, biotic indices/ 
community effects and biomarkers follows. 
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1.3. BIOMONITORING 
Organisms with a tendency to bioaccumulate contaminants, such as bivalves, are 
frequently analysed for concentrations of selected compounds. The methods used to 
measure body burdens of chemicals are the same techniques that are used for the 
analysis of non biological samples, such as atomic absorption spectroscopy for trace 
metals and chromatography for organic contaminants. Most of the biomonitoring 
laboratory studies carried out using bioindicator organisms have investigated the effects 
of single chemicals. The concentration of a single substance in the tissue often reflects 
its concentration in the water although it may be orders of magnitude higher. It is 
important that the effects of mixtures are also investigated as in-situ organisms are 
exposed to complex mixtures of chemicals which may alter the uptake of individual 
chemicals. 
Casini and Depledge (1997) found evidence of interactive effects of combinations of 
certain trace metals on cadmium uptake in the amphipod Platorchestiaplatensis. 
Exposure to Cd and Cu reduced Cd uptake compared with exposure to Cd alone; 
exposure to Cd and Fe increased Cd uptake; exposure to Cd, Cu and Fe reduced Cd 
uptake and combinations of metals containing zinc had no effect on Cd uptake. More 
work needs to be carried out on the interactive effects of chemicals on biomonitor 
organisms to ensure they do not give contradictory results. 
In the field, bioindicator organisms have on many occasions successfully reflected 
environmental gradients. Concentrations of chemical pollutants 
have been measured in a 
variety of different organisms and body tissues. In 
lower organisms, such as molluscs, 
soft tissue body burdens of metals are 
frequently found to correlate with water and 
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sediment concentrations (Elliott and Griffiths, 1987; Burns et al., 1990; Smaal et al., 
1991; Widdows et al., 1995). Soto et al. (1995) however, found that the concentration of 
metals in the shell of the mussel Mytilus galloprovincialis gave a better reflection of 
environmental concentrations as they were less subject to seasonal variations, caused by 
oscillations in flesh weight. 
Invertebrate soft tissue concentrations of polycyclic aromatic hydrocarbons (PAH) and 
polychlorinated biphenyls (PCB), detected using chromatographic methods, have 
frequently been found to reflect environmental gradients (Tanabe and Tatsukawa, 1987; 
Burns et al., 1990; Smaal et al., 1991; Sole et al., 1995; Widdows et al. , 1995) as have 
concentrations in fish liver (Jedamski-Grymlas et al., 1995). Bile, part of one of the 
main excretory mechanisms of exogenous organic compounds in higher vertebrates, has 
successfully reflected environmental gradients of organic chemicals. Aas (1994) 
observed significantly more fluorescent PAH metabolites in fish bile caught after an oil 
spill from the ship KMN Oslo compared with fish caught in the same vicinity before the 
spill. Johnston and Baumann (1989) found that fish bile PAH concentrations generally 
reflected sediment PAH concentrations. Krahn et al. (1992) identified the metabolites of 
aromatic compounds in bile from fish caught in areas affected by the Exxon Valdez oil 
spill which were not present in the bile of fish from uncontaminated sites. Similarly, the 
analysis of urine and faeces can be carried out to measure concentrations of 
contaminants and/or their metabolites. 
On the occasions where bioindicator organisms have been less successful in the field it 
may be due to interactive effects of chemicals. Abdullah and 
Steffnak (1988) found no 
obvious metal gradient in tissue 
from crab, mussels and fish taken from along a 
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pollution gradient in the German Bight. They also measured tissue concentration of 
copper in a mesocosm exposure experiment to copper and diesel oil: a good correlation 
was obtained between Cu exposure and Cu concentrations in mussel tissue, a poorer 
correlation in crab tissue and no correlation in fish liver. Biomonitor organisms have 
shown to be useful, but interactive effects of chemicals are not simple nor obvious. The 
relationship between tissue concentration and toxic effects is complex and not yet 
clearly understood (Bucheli and Fent, 1995). 
1.4. BIOTIC INDICES AND COMMUNITY EFFECTS 
Biotic indices 
A biotic index takes account of the sensitivity or tolerance of individual species or 
groups to pollution and assigns them a value, the sum of which gives an index of 
pollution for a site (Mason, 1996b). The most commonly used biotic indices in Britain 
for fresh water are the Biological Monitoring Working Party (BMWP) Score and its 
derivative the Average Score Per Taxon (ASPT), which is the BMWP score divided by 
the number of taxa. Armitage et al. (1983) explained 65% of the variation in the ASPT 
score, for 41 river systems in England and Wales, from physical and chemical data. In a 
Spanish study Zamora-Munöz et al. (1995) found that water quality explained 54% of 
the variation in BWMP scores. Raven and George (1989) showed that the BMWP score 
was altered 23 km downstream from a spillage of the insecticide chlorpyrifos into the 
River Roding. In the marine environment biotic indices used include the: Biological 
Quality Index (BQI); Benthic Pollution Index (BPI) and Infaunal Trophic Index (ITI) 
amongst others (Elliott, 1994). Studies over the past decade 
have shown that biotic 
indices are reliable indicators of water quality, although they have been developed 
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largely to measure responses to organic pollution and may be unsuitable for detecting 
other forms of pollution (Mason, 1996b). 
Population and Community Responses; Diversity indices 
Changes in population and community structure are hard to monitor in higher level 
organisms. The time scales involved are long and delays between cause and effect make 
the precise causal agents of any population change difficult to identify: the longer the 
life cycle of the organism under investigation the greater the delay in the appearance of 
measurable impact. In lower organisms the time between a pollution incident happening 
and any repercussions on population parameters is shorter. Changes in 
macroinvertebrate population dynamics and community structure have therefore been 
used effectively as pollution indicators, due to their short life cycle. 
Parameters such as reduction in species diversity, increase in the number of opportunist 
species and increase in smaller sized species are established community stress responses 
(Gray, 1989). These are used to create diversity indices; measures designed to integrate 
the numbers of species and their relative abundances in a community giving an estimate 
of the community complexity (Gray, 1980). Diversity indices are often used as a 
measure of the effect of pollution on a community; the lower the diversity index the 
greater the pollution effect, the most frequently used is the Shannon Weiner index. 
Diversity indices have been found to correlate with pollution gradients in a number of 
studies (Edwards et al., 1975; Hellawell, 1977; Kaesler et al., 1978; Ferraro and Cole, 
1995). The use of diversity indices as pollution measures has however been criticised as 
predation, competition, spatial heterogeneity and successional stage 
have all been shown 
to effect community diversity (Gray, 1980). Differences in 
diversity indices within a site 
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from one season to another are often greater than differences amongst sites (Murphy, 
1978; Pinder and Farr 1987a; Pinder et al. 1987). Pinder and Farr (1987b) found that 
biotic scores were better indicators of water quality than diversity indices. 
Multivariate analysis of community parameters 
Biotic and diversity indices condense information on communities from a sample into a 
single value. Multivariate statistical analysis retains the information on all the biota 
within a sample, by representing graphically the relationship between all the biota from 
various samples. This makes it a more powerful tool when detecting sites of 
anthropogenic stress in the environment. The use of multivariate techniques for the 
analysis of community structure is described in detail by Clarke and Warwick (1994). 
Tapp et al. (1993) related MDS (multi-dimensional scaling) plots of community 
structure to contamination loading in the Tees estuary. Hall et al. (1996) correlated MDS 
plots of community structure with contaminant concentrations. They also found that 
changes in community structure through time coincided with clean-up initiatives in the 
Tees and Tyne estuaries. Olsgaard and Gray (1995) showed differences in MDS patterns 
corresponded to environmental contamination variables surrounding drilling platforms 
in the North Sea. Pinel-Alloul et al. (1996) did not find a strong relationship between 
contamination factors and macro-invertebrate structure in Lake Saint-Francois (Quebec) 
which they postulated reflected the relatively low levels of contamination at the 
sampling sites. The main criticism of these studies is the time spent identifying the 
different species. Olsgaard et al. (1997) however found a good correlation between 
contamination and higher taxonomic levels in data from Norwegian oil 
fields which 
would make community analysis simpler and more widely applicable as a monitoring 
tool. 
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1.5. BIOMARKERS 
Biomarkers are used to measure responses to pollution at many different levels of 
biological organisation, from the biochemical up to the individual. As stated earlier they 
have been defined as biochemical, cellular, physiological or behavioural variations that 
can be measured in tissue or body fluid samples or at the level of whole organisms 
(either individuals or populations) and that provide evidence of exposure to and/or 
effects of one or more chemical pollutants (and/or radiation) (Depledge, 1993). This 
definition of biomarkers could be considered to incorporate some of the biological 
monitoring techniques described previously, such as toxicity tests, but for the purpose of 
this study if a technique is covered by one of the former definitions it is not included as 
a biomarker. Key books and reviews on the subject include; McCarthy and Shugart 
(1990), Peakall (1992), Abel and Axiak (1991), Molven and Goksoyr (1992), Hugett et 
al. (1992), Calow (1993; 1994) and Forbes and Forbes (1994). 
Biomarker responses represent an integrated effect of all the pollutants present in the 
environment (Buchelli and Fent, 1995), giving them an advantage over biomonitoring 
techniques in the assessment of complex mixture toxicity. However, most of the 
biomarker studies to date have been carried out in the laboratory and have investigated 
the effects of single chemicals. Investigations on the effects of individual compounds 
are necessary in preliminary examinations of biomarker responses to help determine the 
exact mechanism of the biomarker response. Laboratory single chemical tests minimise 
confusion when investigating the mode of action of a chemical. If biomarkers are to be 
used as environmentally relevant monitoring tools, it is important that the effects of 
mixtures are also investigated both in the laboratory and the 
field. The following 
sections give a brief summary of the various biomarkers available at 
different levels of 
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biological organisation and the results of a literature review on the responses of these 
biomarkers to chemical mixtures and in field trials. 
1.5.1. Molecular Biomarkers 
There are over 50 molecular biomarkers being developed, of which about 10 are in 
common use. Pollutants have been shown to alter molecular components within the cell, 
which in turn may have adverse effects on cellular components or function, ranging 
from DNA integrity to cellular metabolism or hormone production. The adverse effects 
on molecules within the cell, initiated by pollutants, can be related reasonably precisely 
to the "dose" of the pollutant (Buchelli and Fent, 1995). Molecular biomarkers are 
considered to be useful indicators of environmental pollution as they are frequently one 
of the first detectable and quantifiable signs of environmental stress found within an 
organism (Stegeman et al., 1992). They can therefore act as early warning systems in 
compliance with the `precautionary principle' adopted by international policy makers 
(UNCED, 1992) 
1.5.2. Biomarkers of molecular genotoxicity 
As evidence of chemicals causing genetic damage in the aquatic environment accrues 
(Hose, 1994) so too does the need to monitor and control genotoxic pollution. A wide 
range of assays have been used to detect exposure to, and sometimes also the effects of, 
genotoxic compounds in the aquatic environment. The number of methods available to 
detect genotoxicity has increased in recent years along with developments in genetic 
techniques (reviewed by Kotelevstev et al., 1994; Pfau, 1997). The assays used can be 
classified according to the information that they provide. 
Gene (point) mutation assays 
are carried out on cell cultures or micro-organisms: of these, 
the Ames test, using 
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bacteria, is the most common (Ames et al., 1975; Maron and Ames, 1983). 
Chromosomal aberration assays can be detected using the micronuclei (MN) test 
(Schmid, 1975). Micronuclei are cytolplasmic chromatins with the appearance of small 
nuclei fragments; they are stained like nuclei and are usually quite distinctive in 
cytological preparations. A successful in vivo genotoxicity test has been developed 
based on the production of MN in the mussel Mytilus edulis (Majone et al., 1987; 
Wrisberg and Rhemrev, 1992; Wrisberg et al., 1992). Recombination effect assays have 
been investigated based on sister chromatid exchange (SCE). Mutagenic factors 
potentially inducing the exchange of chromatid parts between sister chromatids (Alink 
et al., 1980; Brunetti et al., 1986; Dixon and Clarke, 1982). DNA effect assays include 
measurements of DNA strand breaks using the alkaline unwinding assay (Kanter and 
Schwartz, 1982; Nacci and Jackim, 1989); DNA adduct formation using 32P post 
labelling (Gupta and Randerath, 1988) and structural changes in DNA using finger 
printing techniques (Savva, 1996). Protein adducts and pre-malignancy proteins known 
as ras oncoproteins have also been used as evidence of genotoxicity (Moore and Evans, 
1992). Histopathological assays looking for neoplastic lesions or tumours have been 
used as evidence of severe genetic damage (Myers et al., 1990) and are included in 
section 1.5.5. 
A review of biomarkers of genotoxicity used in the assessment of complex mixtures or 
in field trials is shown in Table 1.1. A Danish wheat and rye paper pulp mill was shown 
to cause genetic damage to fish, in a laboratory exposure experiment by Wrisberg and 
van der Gaag (1992). Similarly contaminated sediments, which can 
be regarded as a 
form of complex mixture, were shown to be genotoxic to 
fish by Theodorakis et al. 
(1994) and to both fish and mussels by Hansen et al. (1996). Hansen et al. 
(1996) found 
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that the susceptibility to genotoxic compounds varied amongst species: the fish 
(flounder Platichthysflesus and carp Cyprinus carpio) tested were found to be much 
more prone to DNA adduct formation than the mussels (Mytilus edulis and Dreissena 
polymorpha). 
The results of over 50% of the field trials reviewed showed that chemicals capable of 
genetic damage were present in water at polluted sites in greater concentrations than at 
control sites. Pfau (1997) reviewing field experiments determining DNA adducts in fish, 
found that in 13 out of 18 field experiments there was a significant increase in DNA 
adducts at polluted sites. As in the laboratory experiments a difference in sensitivity to 
genotoxic chemicals between species was observed. Everaarts et al. (1993) found 
evidence of genotoxic effects in red breast sun fish (Lepomis auritus) but not cat fish 
(Arius fells) and Stein et al. (1993) detected increased adducts in two fish species but 
not in a third when comparing clean and contaminated sites. The life stage of the test 
organism, and the season, may also affect its susceptibility to genetic damage. Herbert et 
al. (1996) found, using the alkaline unwinding assay, that embryonic dab (Limanda 
limanda) had more lesions per unwinding unit than adults. Everaarts (1995) found the 
fraction of double stranded DNA was significantly lower in dab sampled in May/June 
1992 compared to dab sampled in August/ September 1991, at most North Sea sampling 
stations. 
Fewer field based studies have investigated genotoxicity in invertebrates than in fish. 
Invertebrates have not always show evidence of genetic damage at sites where it might 
be expected: Sole et al. (1996) did not detect an increase in DNA adduct 
formation in 
mussels (Mytilus galloprovincialis) from a site close to the 
`Aegean Sea' tanker oil spill 
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compared with controls. Harvey et al. (1997) found no increase in adducts in mussels 
(Mytilus edulis) in a mesocosm exposure experiment to a mixture of chemicals at 
environmentally realistic concentrations, although in a caging experiment by Nacci & 
Jakim (1989), DNA strand breaks were observed in mussels (Mytilus edulis) caged at 
the highly polluted New Bedford Harbour Superfund Site (MA, USA) after only three 
days. In order to use DNA damage in invertebrates as biomarkers of genotoxicity there 
is a need for more knowledge surrounding the mechanisms involved. Black et al. (1996) 
found a significant increase in DNA strand breaks in fresh water mussels (Anadonta 
grandis) exposed to 50 µg 1-1 lead but not at higher concentrations and postulated that at 
higher exposure concentrations a repair mechanism may be initiated. Evidence of 
naturally occurring genetic damage in invertebrate species may also confuse the 
interpretation of results. Kurelec et al. (1989) were able to detect naturally occuring 
DNA adducts in Mytilus galloprovincialis from uncontaminated sites. 
1.5.3. Biotransformation and other enzyme assays 
Enzymes used in the biotransformation of hydrophobic, lipophillic xenobiotics, such as 
PCBs and PAHs, to hydrophillic conjugates are frequently used as biomarkers. There 
are two steps involved in biotransformation: phase I involves the oxidation, reduction or 
hydroxylation of the compound and phase II involves the conjugation of the initial 
compounds metabolite to a hydrophillic substrate. The cytochrome P450 
monooxygenase system in fish is the most extensively, and probably most successfully, 
used enzyme system in biomarker studies. It is one of the systems involved in the 
catalysis of the first part, phase I, of biotransformation, and is 
frequently induced by 
aromatic and chlorinated organic compounds (Buchelli and 
Fent, 1995). The different 
aspects of, and the techniques used to measure cytochrome 
P450 in fish are reviewed by 
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Goksoyr & Förlin (1992) and by Förlin et al. (1994). The cytochrome P450 system in 
invertebrates is less well defined and its success in the field is also more limited 
(reviewed by Livingstone et al. 1989; Livingstone 1991 and 1994). Phase II or 
conjugation enzymes have also been used as biomarkers: the most frequently employed 
is glutathione-S-transferase (GST). Other enzymes used as biomarkers include 
antioxidants such as superoxide dimutase (SOD), invoked against oxyradical 
production and oxidative stress (reviewed by Winston, 1991) and esterases, such as 
acteylcholine esterase (AChE), that are involved with neuromuscular functions and 
inhibited by organo-phosphate pesticides (Edwards and Fisher, 1991) 
A review of the use of the cytochrome P450 enzyme system as a biomarkers is detailed 
in Table 1.2. The most successful assay used to measure cytochrome P450 induction is 
probably the EROD (7 ethoxyresorufin O-deethylase) assay in fish (Goksoyr and Förlin, 
1992). EROD activity is induced in response to PAH and PCB exposure (Buchelli and 
Fent, 1995). If other contaminants are present the response is not always as clear cut. 
Sandvik et al. (1997) exposed flounder (Platichthysflesus) to B(a)P, PCB 156 and Cd: 
EROD activity increased after B(a)P and PCB exposure, but was significantly reduced 
(by 40%) after exposure to a binary mixture of B(a)P and Cd when compared with the 
response to exposure of B(a)P alone. Flammarion et al. (1996) found that EROD 
activity in rainbow trout (Onchorhynchus mykiss), induced by a ß-naphthoflavone 
injection, was significantly reduced if the trout were subsequently exposed to the 
organophosphate insecticide methidathion, compared with injected but unexposed trout. 
Gagne and Blaise (1993) found that EROD activity in rainbow trout was both induced 
and inhibited by various paper and pulp mill effluents. 
Some of the paper and pulp mill 
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effluents tested were shown to induce EROD activity at the lower exposure 
concentrations used but have no effect at the higher concentrations. Cytochrome P450 
induction is obviously affected by factors other than the conventional inducers, the 
interactive effects of chemicals in mixtures playing an important part in its expression. 
In field trials cytochrome P450 induction has indicated areas of high organic chemical 
contamination. In a review by Bucheli and Fent (1995) cytochrome P450 induction was 
significantly related to contaminant concentrations in 93% of field trials (out of a total 
of 73 reviewed). In over 90% of the field trials reviewed here, Cytochrome P450 
induction in fish was observed at sites with high water or sediment concentrations of 
PAHs (Narbonne et al., 1991; Addison et al., 1994; Goks, yr et al., 1994; Förlin et al., 
1996) and PCBs (Eggens et al., 1995). Endogenous factors such as spawning have been 
shown to induce the P450 system (Goksoyr and Förlin, 1992) and so measurements 
during these times are best avoided. Eggens et al. (1995) found that the, non-migratory 
summer months, were the best to monitor EROD activity in flounder (Platichthys 
flesus), as they did not coincide with the spawning season. A problem, common to all 
biomarkers at lower levels of biological organisation, is linking the effects measured to 
effects on population or Darwinian fitness parameters (Depledge and Lundebye, 1996). 
Kloepper-Sams and Owens (1993) found that EROD activity was induced in a Bleached 
Kraft Mill Effluent (BKME) contaminated river but histopathology, blood chemistry 
and population parameters appeared normal compared to a reference river system. 
The use of cytochrome P450 has had a more mixed success as a 
biomarker in 
invertebrates. Induction of the P450 system showed an increase at contaminated sites in 
five of the field trials reviewed but no, or occasional, 
induction in another three. 
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Seasonal effects appear to be important in invertebrate mixed-function oxygenase 
activity. Livingstone et al. (1989) detected seasonal variations in NADPH-independent 
7-ethoxycoumarin 0-deethylase (ECOD) activity and cytochrome P450 specific content, 
with no correlation between the two. Sole et al. (1995) found that the total cytochrome 
P450 content in the mussel, Mytilus galloprovincialis, exhibited seasonal variations, 
which did not relate to tissue concentrations of xenobiotic chemicals. The NADPH- 
cytochrome c (P450) reductase activity, in the same mussels, did however show 
seasonal variations, which followed trends in tissue concentrations of PAHs, PCBs, 
DDT and lindane normalised to lipid weight. Seasonal variations in enzyme activity 
have also been observed in crustacea. In the crab Maja crispata BPMO (benzo(a)pyrene 
monooxygenase), activity was shown to correlate with ambient temperature by Bihari et 
al. (1984). O'Hara et al. (1982) found BPMO activity in the crab Carcinus maenas to be 
inversely correlated with ambient temperature. They also detected significant 
differences in absolute activity values from year to year, although the seasonal trends 
were similar. 
More work is needed before any definite conclusions can be made as to the usefulness 
of the monooxygenase system in invertebrates as a biomarker, but some promising 
results have been found. Fossi et al. (1996a) found, in a laboratory exposure experiment, 
that BPMO activity in the midgut gland and gill of the Mediterranean crab Carcinus 
aestuarii was a useful biomarker of exposure to polychlorinated biphenyls, methyl 
mercury and benzo(a) pyrene. BPMO activity was also significantly induced at 
four 
contaminated field sites compared with a reference site 
in the same crab (Fossi et al, 
1996b). James (1989) stated that in general the crustacean P450 system has been shown 
to be less sensitive to the presence of foreign chemicals than that of 
fish. 
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Other enzyme systems used as biomarkers in the field and in laboratory exposure 
experiments using mixtures are detailed in Table 1.3. Gluathione-S-transferase (GST) 
has been tested as a biomarker in the field on a variety of organisms. Significant 
differences in GST activity between control and contaminated sites were detected in a 
little over 50% of the field trials reviewed. Both induction and inhibition of GST 
enzyme activity has been observed depending on the contaminants and test species used. 
Regoli and Principato (1995) found a decrease in GST activity in mussels after copper 
exposure in the laboratory and in mussels transplanted to a contaminated field site but 
an increase in indigenous populations at the same field site. Fitzpatrick et al. (1997) 
observed an increase in GST activity in both natural populations and deployed mussels 
near an industrial site compared with controls, but a decrease in mussels near a tannery. 
If, following more work, the induction or inhibition of GST activity could be related to 
specific chemicals it could prove to be a very useful biomarker. 
Acetylcholine esterase inhibition has been used as a specific biomarker indicating the 
presence of organophosphate and carbamate insecticides. Recently AChE activity has 
also been shown to be inhibited by other chemicals such as detergents and some metals 
(Bocquene et al., 1995; Payne et al., 1996; Guilhermino et al., 1998). Changes in AChE 
activity were observed in fish in the two mixture laboratory experiments and three field 
trials reviewed (see Table 1.3). The importance of carrying out experiments on mixtures 
of chemicals was again highlighted. Bocquene et al. (1995) observed a synergystic 
effect of a binary mixture, of organophosphate (OP) and carbamate (CB), pesticides on 
AChE activity in tissue homogenates from four marine species (dragonet, Callionymus 
lyra; sole, Solea solea; prawn, Palaemon serratus and oyster, Crassostrea gigas). Less 
synergy was observed in mixtures of the same type 
i. e. OP-OP and CB-CB mixtures. 
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The antioxidant, superoxide dimutase (SOD); NA+, K+ ATPase and glutathione related 
enzymes such as glutathione peroxidase (GP) and gluathione reductase (GR) have also 
been used as biomarkers. It has been concluded by a number of authors, after field trials 
using antioxidant enzyme in fish, that they are not suitable as biomarkers, as they failed 
to distinguish between clean and contaminated sites (Livingstone et al., 1992; Burgeot 
et al., 1996; van der Oost et al. 1996). The results of trials measuring antioxidant 
activity in invertebrates are equally ambiguous. The antioxidant enzyme, SOD, in 
mussels was shown to correlate with whole body tissue concentrations of PAHs and to a 
lesser extent PCBs by Porte et al. (1991). Both Sole et al., (1995) and Regoli, (1998), 
however, found strong seasonal effects in SOD activity, Sole et al., (1995) also observed 
a variation with sampling depth. Regoli and Principato (1995) suggested that adaptive 
mechanisms may be coming into play, as they found similar SOD or GP activity in 
natural populations of mussels at a clean and contaminated site, but significant changes 
in the activity of transplanted mussels. Fewer studies have been carried out measuring 
GR and NA+, K+ ATPase activity. Stagg et al. (1992) did not detect any variation in fish 
NA+, KK ATPase activity amongst North Sea sites. GR activity was found to increase in 
carp from four contaminated ponds compared with one control pond by Machala et al. 
(1997). No differences in GR activity, between clean and contaminated sites, were 
found using mussels by Regoli and Principato (1995) or by Regoli (1998) 
1.5.4. Stress proteins, metallothioneins and other molecular biomarkers 
The Stress or heat shock protein family are a group of proteins that it is believed form a 
protective mechanism against cellular stress (Parsell and Linquist, 1994; Morimoto et 
al., 1996). They are induced in cells after a variety of stressors such as salinity, 
heat and 
aquatic contaminants (Ryan and Hightower, 1994; 1996) and as such offer potential 
for 
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use as biomarkers (reviewed by Sanders, 1990; 1993). Laboratory exposure experiments 
to complex mixtures and field trials have had mixed success (see Table 1.4. ). Results of 
a laboratory exposure experiment to Bleached Kraft Mill Effluent (BKME) by Vijayan 
et al. (1998) suggested that hsp 70 may show potential as a biomarker in chronic 
exposure experiments to fish, but perhaps not in acute exposures. An increase in hsp 70 
was observed, after chronic exposure to swimming chinook salmon (Oncorhynchus 
tshawytscha), at all (the environmentally relevant) exposure concentrations. In an acute 
exposure to rainbow trout (Oncorhynchus mtkiss), hsp 70 was induced at two 
intermediate (acute, environmentally unrealistic) exposure concentrations but not at the 
highest. In two out of the three field trials reviewed, no difference in stress protein 
concentrations were observed amongst sites, using the crab Carcinus maenas (Pedersen 
and Lundebye, 1996) and the mussel Mytilus edulis (Lundebye et al., 1997). Sanders 
and Martin (1993) however, found that stress proteins were induced in animals (the 
mussel Mytilus edulis and the fish Cyprinodon nevadensis amargosae) from 
contaminated sites relative to those maintained in the laboratory. 
Metallothioneins are another group of proteins that have shown potential as biomarkers 
(Benson et al., 1990). They have been demonstrated to be involoved in intra-cellular 
storage, detoxification and transport of metals (Stegeman et al., 1992) A general review 
of metallothioneins in aquatic animals is given by Roesijadi (1993) and the use of 
metallothioneins as aquatic biomarkers is reviewed by George & Olsson (1994). 
Laboratory experiments measuring metallothionein (MT) concentrations after exposure 
to more than one chemical showed that interactive effects were taking place 
(see Table 
1.4). Sandvik et al. (1997) found that the MT induction, which was normally observed 
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in flounder (Platichthysflesus) after cadmium exposure, was inhibited after pre- 
treatment with B(a)P and PCB-156 by 30-50%. Romeo et al. (1997) observed that sea 
bass (Dicentrachus labrax) treated with B(a)P had significantly less MT than controls, 
copper had no effect but copper and B(a)P increased MT concentrations. Tort et al. 
(1996) found that handling stress (netting and keeping out of water for 15 seconds, three 
times a day) induced MT in rainbow trout (Onchorhynchus mykiss) liver relative to 
controls. Metallothionein concentrations therefore appear to be affected by the presence 
of chemicals other than their primary inducers as well as non-chemical stresses. 
Metallothioneins have been used successfully in field experiments, especially in fish 
(for details of the literature review see Table 1.4. ). Metallothionein concentrations have 
been found to correlate with sediment or water metal concentrations. Olsson & Haux 
(1986) observed a good correlation between hepatic MT induction and cadmium 
burdens in perch from the cadmium contaminated river Eman in Sweden. Stagg et al. 
(1992) found that sediment cadmium, copper and zinc concentrations were related to 
branchial MT concentrations in dab (Limanda limanda). 
Overall invertebrate metallothionein is less well studied. In a laboratory exposure 
experiment to a cadmium-phenanthrene mixture Viarengo et al. (1987) did not find any 
interactive effects between the two chemicals on Mussel MT concentrations. 
Metallothionein concentrations increased after exposure to cadmium, but phenanthrene 
had no effect after exposure singly or in conjunction with cadmium. In a field trial 
Pedersen et al. (1997) found that crab midgut MT concentrations weakly reflected a 
copper pollution gradient in the Fal estuary, Devon, 
however in the gill MT 
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concentrations reflected levels of both copper and zinc in the sediment. Seasonal 
variation in mussel MT concentrations were detected by Viarengo et al. (1997). 
None of the other molecular biomarkers shown in Table 1.4 have been widely used and 
few have been tested in the field or in laboratory exposures to complex mixtures. Total 
Glutathione (GSH) concentration was used as a biomarker by Nishimoto et al. (1995): 
they observed an exposure response relationship in fish (Pleuronectes vetulus) exposed 
to a complex mixture, extracted from contaminated sediment. They also found an 
increase in GSH concentrations in the same fish species from a contaminated site 
compared with a reference site. Stein et al. (1993) measured increases in total GSH in 
three species of benthic flatfish (English sole, Parophrys vetulus; rock sole, 
Lepidopsetta bilineata and starry flounder, Platichthys stellatus) at polluted sites 
compared with controls. The widely distributed pigments, porphyrins, are sensitive to 
the presence of foreign compounds and are by-products or intermediary metabolites of 
the heure biosynthetic pathway. They can be sampled from a variety of biological fluids: 
typically urine and faeces are used (De Matteis and Lim, 1994). Fossi et al. (1996a & b) 
deemed porphyrins in midgut gland and excreta a useful biomoraker in the 
Mediterranean crab Carcinus aestuarii. Other molecular biomarkers such as the 
expression of multixenobiotic resistance proteins; changes in levels of energetic 
substrates; energy rich phosphates; cellular calcium and sodium pumps need to be 
further investigated before their potential as biomarkers can be ascertained. 
Overall there are many advantages of using effects at the molecular level as biomarkers: 
such as the possibility of using non-destructive sampling techniques. 
This allows an 
assay to be performed on the same animal, pre- and post-exposure, removing 
inter 
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individual variation and creating an internal control. Another advantage is that the 
assays can frequently be carried out on small amounts of sample which can be snap 
frozen in liquid nitrogen in the field after dissection. There are, however, also 
disadvantages: one of the main drawbacks is that many of the molecular techniques 
currently under development require a high degree of skill to carry out, this makes them 
unsuitable for widespread use. Another drawback of most molecular techniques is that it 
is difficult to extrapolate from the biochemical to higher level effects. In many instances 
the presence of contaminants can be monitored but effects on the physiological function 
of the tissue in which the cell resides and for whole animal physiology, let alone 
individual and population effects, are unclear. 
This review, detailed in Tables 1.1-1.4, showed that molecular biomarkers have had 
much success in the field, although it must be taken into account that negative results 
are rarely published. The results of exposure experiments using mixtures of 
contaminants showed that biomarker responses are often affected unpredictably if more 
than one contaminant is present. For molecular biomarkers to become reliable indicators 
of pollution more work on the effects of combinations of chemicals is needed. 
1.5.5. Subcellular and cellular biomarkers 
A summary of the subcellular and cellular perturbations that have been used as 
biomarkers in mixture exposure experiments and field trials is summarised in Table 1.5 
(and is reviewed by Moore, 1985). Subcellular-level alterations used to indicate 
pollution stress include changes in the endoplasmic reticulum (an extensive intracellular 
membrane system) deterioration of subcellular vesicles (such as mitochondria and 
lysosomes) and alterations to the lipid composition of the cell. Cellular injury including 
45 
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histopathological damage such as the presence of leisons, neoplasms, and tumours have 
also been used as biomarkers. 
The most extensively used biomarkers at the subcellular level are measurements of lipid 
and lysosomal changes. Lipids act as energy reserves and are structural components of 
cellular and membrane organelles, the developmental and reproductive success of an 
organism depends on the optimal storage and mobilisation of lipids. Changes in lipid 
metabolism and storage have therefore been used in a number of biomarker studies 
(Capuzzo and Leavitt, 1988). The methods used to measure alterations in lipids include 
histochemical techniques, changes in lipid to protein ratios and measurements of lipid 
peroxidation. The use of changes in lipid content as a biomarker has shown promising 
results in field experiments. Statistically significant differences in lipid measurements 
were detected between control and polluted sites in all of the field trials reviewed 
(Lowe, 1988; Leavitt et al., 1990; Capuzzo and Leavitt, 1988; Walsh and O'Halloran, 
1997; Adams et al., 1992; Köhler, 1991; Moore, 1988). The response, as with many 
biomarkers is complex, the degree of response in the field trials not always reflecting the 
level of pollution. Capuzzo & Leavitt (1988) found an elevation in crab lipid levels at 
one contaminated site but not at the most contaminated. Seasonal variations in lipid 
content have also been measured (Köhler 1991). The complexity of the relationships 
between pollutants and biological functions was emphasised in a mesocosm exposure 
experiment to copper and diesel oil. Capuzzo & Leavitt (1988) found a decrease in lipid 
concentrations at low exposures and an increase in lipid concentrations and lipid to 
protein ratios at high exposures in crabs. They observed a 
decrease in both parameters at 
medium exposure concentrations in mussels. Overall, the use of 
lipid measurements 
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shows potential for use in biomarker studies and warrant further investigation, bearing 
in mind possible interactive effects of chemical mixtures. 
Changes in lysosomal parameters showed no clear pattern of response in the few 
laboratory exposure experiments using complex mixtures of chemicals. Etxeberria et al. 
(1995) showed that after exposing the mussel, Mytilus galloprovincialis, to the water 
accommodated fraction of crude oil lysosomal size, in digestive gland cells, increased at 
some concentrations and decreased at others. They also found that the length of 
exposure affected the lysosomal response. Cajaraville et al. (1991) observed 
significantly smaller lysosomes in mussel (Mytilus galloprovincialis) oocytes after 
exposure to the water accommodated fraction of two crude oils, but not a third. The 
exposure concentration needed to elicit a response was high at 40%. Lysosomal stress 
indicators showed more success at differentiating between contaminated and clean sites 
in the field. Differences in lysosomal measurements were observed between clean and 
polluted sites, in all 10 of the field trials reviewed. As with the other biomarker 
techniques, seasonal variations were found (Köhler, 1991; Cajaraville et al., 1995; 
Marigömez et al., 1996). The use of lysosomal stress responses appears to have a lot of 
potential as a non-pollutant specific biomarker. More work is needed on the effects of 
complex mixtures and seasonal effects to aid with the interpretation of results. 
Lesions, neoplasms and eventually tumours are biomarkers representing increasingly 
irreversible measures of toxic effect. These biomarkers have been linked to carcinogenic 
chemicals (Hose, 1994) and as such are of great interest as potential 
indicators of human 
health problems. A United States Environmental Protection Agency survey 
found that 
human female mortality, due to ovarian and other reproductive organ cancers, was 
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significantly higher than the national average in the vicinity of the Maine and Indian 
River, Florida, where catfish (Ictalurus punctatus) in local lakes exhibited high 
incidences of tumours (Van Beneden, 1994). In fish, lesions have been successfully 
correlated with pollution in the field (Simpson, 1992; Myers et. al., 1992; Köhler, 1989; 
1990; Spies et al., 1996); neoplasms less so. Increased neoplasia in fish was observed in 
Puget Sound, Washington by (Landahl et al., 1990) but not in the North Sea (Bucke and 
Feist, 1993; Vethaak and Wester, 1996): this could possibly be due to increased 
contamination in these US waters. 
Until the cause of invertebrate neoplasia and lesions are established (Nunn et al., 1996), 
their use as biomarkers is questionable. Invertebrates from remote populations, far away 
from anthropogenic emissions, have naturally occurring neoplasms (Lauckner, 1983; 
Mix, 1986). Seasonal variations in incidence of neoplastic disease are also frequently 
encountered (Rasmussen, 1986; Mix 1983). Invertebrates have been used in a few field 
based biomarker studies. Increased incidence of lesions was found in clams (Mya 
arenaria) after an oil spill by Brown et al. (1992). Confusion can arise as to the actual 
cause of neoplasia, and unless detailed examinations are undertaken by skilled 
scientists, the difference between chemically parasitically or virally induced neoplasia 
may not be accurately established (Rasmussen, 1986; Mix 1983; Bucke and Feist, 
1993). 
Advantages of subcellular effects are that they occur relatively soon after a pollution 
episode: if they are noticed the cause may be removed, and irreversible 
damage within 
the cell prevented. As with molecular biomarkers some of the techniques can 
be carried 
out using non-destructive sampling which 
is always advantageous. Techniques, such as 
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the neutral red retention time assay (Lowe et al. 1992) are relatively cheap and simple to 
carry out, which is essential if biomarkers are to become widely accepted and used as 
monitoring tools. Cellular effects are less reversible but are indicative of definite 
adverse effects as opposed to potential adverse effects. They could therefore be 
considered to be more conclusive evidence of deleterious pollution impact. The time 
delay before cellular effects are observed may however be too long when trying to 
establish the pollutant source, especially in migratory species. 
1.5.6. Immune responses 
The immune system has evolved so that organisms can resist infectious diseases, destroy 
neoplastic cells and reject non-self components (Weeks et al., 1992). Pollutant stress 
may alter an organism's ability to resist pathogens, and its defence mechanisms against 
neoplasia. Severe effects on the immune system are fatal, but subtle changes appear to 
offer the potential for use as early warning biomarkers (Köhler and Exon, 1985). An 
increase in coastal pollution has been associated with increases in disease and gross 
abnormalities in fish (Pipe and Coles, 1995) and non-infectious diseases in marine 
organisms (Sindermann, 1990; Livingstone and Pipe, 1992). 
Many of the measurable immune parameters appear to be useful potential indicators of 
environmental contamination (see Table 1.6 for the results of the literature review). As 
with the other biomarkers, mixture experiments suggest that caution is needed in the 
interpretation of results as interactive effects may lead to confusion. This is exemplified 
by the findings of Tahir et al. (1993), they observed increases in dab (Limanda 
limanda), haemocrit and lymphocyte numbers after exposures to low concentrations of 
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contaminated sediment, but decreases after exposure to higher concentrations. A multi- 
assay approach is probably required when using immune measurements in pollution 
monitoring as various aspects of the immune system respond differently to chemical 
exposure (Coles et al., 1994). Secombes et al., (1991) found no variation after exposure 
of dab to sewage sludge in total blood leukocyte and erythrocyte numbers nor in 
lysozyme or immunoglobin levels, but serum protein concentrations were reduced, as 
were the number of thrombocytes. Coles et al. (1994) found that after exposing mussels 
(Mytilus edulis) to fluoranthrene, the total number of circulating haemocytes increased 
as did the percentage of haemocytes exhibiting peroxidase and phenol oxidase activity. 
The proportion of eosinophillic to basophilic blood cells was not affected. 
The use of immunity in invertebrates as a biomarker of pollutant exposure has shown a 
lot of potential (see review by Pipe and Cole, 1995), both after mixture exposure 
experiments (Smith et al., 1995; Grundy et al. 1996) and in the field (Dyrydna et al., 
1997). More work is needed in order to fully assess the potential of invertebrate immune 
responses as biomarkers. It is possible that as the invertebrate immune system is less 
complex than that of vertebrates it may be simpler to use in biomarker studies. 
1.5.7. Physiological biomarkers 
Recently interest has increased in the use of physiological measurements as biomarkers 
as they are possibly easier to link to Darwinian fitness parameters and population level 
effects (Depledge, 1989a; Widdows and Donkin, 1991; Mayer et al., 1992). 
Physiological biomarkers in this chapter refer to any system that has been shown to 
respond to xenobiotics ranging from organs to whole individuals. 
The use of 
physiological biomarkers is discussed 
in Depledge et al. (1995). A variety of different 
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physiological measurements were found that had been used as indicators of contaminant 
exposure (see Table 1.7). There are fewer field trials and even fewer experiments on 
complex mixtures, than for the more commonly used biomarkers. The more frequently 
tested measurements include; condition indices, valve movement, heart rate and, 
perhaps the most well known, scope for growth. 
Condition indices, parameters that have been directly linked to levels of Darwinian 
fitness (Depledge, 1989b; Bjerregard, 1991; Trendall and Prescott, 1989), have been 
employed with marginal success in the field. Veldhuizen-Tsoerkan et al. (1991) saw no 
difference in condition index (CI) in mussels (Mytilus edulis) after transplantation, from 
a clean to a polluted area, for a period of 2.5 months but a change, which followed a 
pollution gradient (metals and PCBs), was observed after 5 months. Lundebye et al. 
(1997) measured four different condition indices in M edulis none of which reflected 
differences between sampling sites. Depledge and Lundebye (1996) detected significant 
increases in wet weight to dry weight ratios at the most polluted sites in a field trial 
using the crab Hemigrapus edwardsi, in contrast, however, Pedersen and Lundebye, 
(1996) found that the same indiex in the crab Carcinus maenas did not reflect a metal 
gradient. 
Heart rate in crabs and mussel valve movement have been measured using systems, that 
can detect instantaneous changes, and so could be attached to alarms and used in 
continuous monitoring situations. Valve closure, detected using the Mosselmonitor®, 
was shown to correspond with times of increased pollutant loading in the River Rhine 
by de Zwart et al., (1995). Sluyts et al. (1996) improved the sensitivity of the 
Mosselmonitor®, using a new data analysing system, so that it can detect copper 
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concentrations of 20 µg 1"1, approaching, but still above, typical environmental 
concentrations. Heart rate monitoring has been able to distinguish amongst field sites 
(Bamber and Depledge, 1997b). Confusion could however arise when using heart rate as 
a biomarker in complex mixture exposure experiments, as heart rates have been shown 
to decrease after exposure to some chemicals such as copper (Bamber and Depledge, 
1997a) and increase after exposure to others for example dimethoate (Lundebye et al., 
1997) 
Scope for growth has been applied in a number of field studies. Scope for growth 
integrates the effect of feeding, respiration and excretion to give a measure of the 
animals potential for growth under ideal conditions. It worked successfully in all the 
field trials reviewed using the mussel, Mytilus edulis, (Widdows and Johnson, 1988; 
Widdows and Donkin, 1989; Widdows et al., 1990; Widdows et al., 1995) but not using 
the periwinkle, Littorina littorea (Bakke, 1988). Other successful physiological 
parameters include mussels clearance rate, a measure of the amount of water pumped 
by the mussel to clear particles from the gills (Smaal et al., 1991), crab osmoregulatory 
ability (Bamber and Depledge, 1997a and b) and perhaps the most simple of all the 
biomarker techniques, mussel survival time in air (Smaal et al., 1991; Vedhuizen- 
Tsoerkan et al., 1991). 
1.5.8. Reproductive and Behavioural Biomarkers 
The use of reproductive parameters have also been used as indicators of toxicity (see 
Table 1.8 for a review of those used in mixture exposure experiments and in the field). 
Deleterious effects of chemicals on the reproductive system of an organism can, if 
severe enough, have repercussions on the population. 
Reproductive indices, such as 
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fertility, fecundity, hatching success and larval viability are therefore an obvious choice 
for use in biomarker studies. The study of fish reproductive indices as biomarkers may 
also have economic importance if carried out on commercially exploited fish species. 
Many fish species reproduce in contaminated coastal areas and so are likely to be 
subject to pollution stress. 
Anthropogenic contamination has been shown to have an effect on reproductive indices 
in many, but not all field trials. Cross and Hose (1988) observed that fertility and 
fercundity decreased in White Croaker (Genyonemus lineatus) from polluted Los 
Angeles waters. Nelson et al. (1991) found that the least viable hatch and smallest 
larvae were found in winter flounder (Pseudopleuronectes americanus) from the two 
most contaminated sites studied. Spies and Rice (1988) recorded reduced egg viability 
and lower fertilisation success in female starry flounder (Platichthys stellatus) from the 
more urbanised of the sites studied. Akerman et al. (1996) detected increased mortality 
and deformity during cod (Gadus morhua) embryonic development in the Baltic sea 
compared with the cleaner Barents sea. In a study by Waring et al. (1996), exposing 
sand gobies (Pomatoschistus minutus) to 0.1 % sewage sludge saw no effect on some 
reproductive indices, fercundity or gonadosomatic index but a significant effect on 
others, number of females spawning, weight of larvae and yolk sac volume. Collier et 
al. (1992) did stepwise regression on reproductive and environmental measurements and 
showed that contamination had a very minor effect on English sole (Parophrys vetulus) 
egg and larval viability. Fonds et al. (1995) discovered a relationship between PCBs 
ingested by female dab (Limanda limanda) and PCB content in their eggs, after 
exposure to the technical mixture Clophen A40, although no effects on 
fecundity, 
hatching rate and larvae survival were recorded. 
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The effects of pollutants on invertebrate reproductive biology has been less well studied, 
probably due to the lack of commercial interest. The effects of the anti-fouling paint 
component TBT (tributyl tin) is the best documented. The development of structural 
abnormalities in the oviducts of female dog-whelks (Nucella lapillus), known as 
imposex, resulted in a severe population decline around southern England especially in 
harbour areas containing high concentrations of TBT (Bryan et al. 1987). Ten Hallers- 
Tjabbes et al. (1994) found that imposex also increased in female dog whelks along 
shipping channels in the North Sea. 
Endocrine disruption by anthropogenic chemicals leading to severe reproductive 
disorders has received much media attention in recent years. Many chemicals such as 
DDT, PCBs, alkylphenolic substances (used in detergents paints and cosmetics) and 
components of food packaging materials have been shown to mimic the female sex 
hormone oestrogen (Lye et al. 1997). Jobling et al. (1995) showed that exposure of male 
rainbow trout (Onchorynchus mykiss) to four different alkylphenolic compounds 
resulted in increased vitellogenein and a reduction in testicular growth. Harries et al. 
(1996) measured increased plasma vitellogenin in male rainbow trout caged for three 
weeks up to 15 km downstream from a sewage works: the increase was statistically 
significant up to 4.5 km downstream. They detected less of an increase after repeating 
the experiment in winter, an effect they attributed to increased dilution of the effluent. 
Female fish have also been affected by estrogenic chemicals. Janssen et al. (1995) 
detected premature vitellogenesis in female flounder (Platichthysflesus) from polluted 
sites compared with fish from cleaner sites. Mixtures of estrogenic compounds 
have 
been shown to interact: Sumpter and Jobling (1995) found that the combined effect of 
five weakly estrogenic compounds on rainbow trout (Onchorhynchus mykiss) was 
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synergystic. These findings show that contaminants present in the environment have the 
potential to adversely effect reproduction, which in turn may have consequences at the 
population level. Mixtures of chemicals may exasperate any adverse effects. 
The study of changes in behaviour as a result of toxic insult is a little explored area of 
the biomarker field (reviewed by Peakall, 1992), see Table 1.8. Organisms often respond 
quickly to stimulants, so behaviour can be used as a possible early warning system. 
Avoidance behaviour resulting from changes detected by chemeosensory organs have 
been used to observe pollution in juvenile salmon, Salmo salar, (Birtwell & Kruzynski 
1989). Atland & Barlaup (1995) showed that both brown trout (Salmo trutta) and 
salmon (Salmo salar) avoided the most toxic mixing zones in water courses. Peakall 
(1992) stressed that desensitisation due to pre-exposure must be taken into consideration 
when using avoidance behaviour, triggered by olfactory responses, as a biomarker. 
Other behavioural biomarkers used include activity which was measured by Stephens et 
al. (1997) in turbot (Scophthalmus maximus) larvae and found to be reduced after 
exposure to the water soluble fraction of crude oil with an associated increase in 
mortality rate. Crane et al. (1995) used feeding rate in Gammerus pulex and emergence 
from sediment of chironomid, Chironomus riparius, larvae as biomarkers. They found 
no difference in feeding rate at differentially polluted sites and no difference in 
emergence from sediment from seven sites in one experiment, but in a repeat 
experiment no chironomids emerged from one of the sediments. 
1.5.9. Assessment of available biomarkers 
Sublethal responses to pollutants provide an early warning mechanism of deterioration 
in environmental quality, as well as indications of the toxic, carcinogenic and mutagenic 
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compounds present (Goksoyr et al., 1996). Biomarker techniques have worked well in 
field trials. The response to mixtures is more complex, but with further work it is 
possible that there may be a role for biomarkers in effluent toxicity testing prior to 
discharge into and once in the environment. Biomarkers tend to respond to a particular 
chemical class (Goksoyr et al., 1996) and so it is possible that by using a suite of 
biomarkers indications of the type and also the concentration of pollutants present in an 
unknown effluent or in the environment could be assessed. 
The development of a biomarker depends on numerous factors: specificity of the 
response, natural variability, correlation between contaminant concentrations and effects 
observed and choice of target species (Bocquene et al., 1995). The ideal biomarker 
assay should show an exposure response relationship, be simple, reproducible, sensitive, 
stable, cheap, specific for a given chemical and applicable to different animals. The 
concentration of contaminants required to produce a biomarker effect is especially 
important in environmental monitoring: if the concentration is too high no effect will be 
observed in the environment. The persistence of the biomarker response over time must 
also be considered. Confusion in the interpretation of results may arise if the biomarker 
responds to initial exposure, but the organism then acclimatises with continued 
exposure, or if susceptible individuals are removed from the population. If biomarkers 
are to be used in field studies on natural populations, the range of the response amongst 
individuals, inter-individual variation, and the possibilities of adaptation due to the 
pollutants exerting selection pressures must also be considered. 
In order to carry out a scientifically dependable biomarker assay a suitable test 
organism, one in which the response is clear, 
is required. The ideal test organism for 
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biomarker studies should be relatively long lived in order to detect changes over time. It 
should be reasonably sedentary, so that the source of pollution can be identified, and 
have a wide geographical distribution, so that biomarker responses in organisms from 
different areas can be compared. The size of the test organism population should also be 
large enough to sustain sampling. Test organisms must be large enough to provide 
sufficient quantity of tissue on which to perform the biomarker assay. Ideally sampling 
should be carried out in a non-destructive manner to allow for repetitive sampling from 
the same organism thereby creating an internal control and decreasing inter-individual 
variation (Depledge and Fossi, 1994). 
As there is no one biomarker or test organism able to satisfy all the criteria mentioned, a 
tiered approach, using a battery of different tests and organisms offers the most realistic 
solution for the practical application of biomarkers in environmental monitoring 
(Depledge, 1993). Screening systems have been proposed whereby simple biomarker 
tests, indicative of general contaminant stress, are first applied, if these give positive 
results then the use of more contaminant specific biomarkers could follow (Sanders, 
1990). The use of biomarkers in environmental monitoring should however not exclude 
existing techniques or methods. Chemical analyses are useful and probably irreplaceable 
when monitoring areas with a known source of contamination, such as at the end of an 
outflow pipe. The flow chart in Figure 1.1 represents schematically how biomarkers 
could be employed in environmental monitoring to complement existing techniques. 
The procedures currently in use are shown in blue, the biomarkers in green and 
additional action measures shown in red. Biomarker would not replace existing 
procedures but enhance the techniques currently in use (toxicity tests, chemical and 
community analysis) to provide a more comprehensive overview of effluent 
toxicity. 
66 
Test Effluent 
Known source 
Simple chemical analysis 
based on environmental consents 
Unknown source 
Continue I1 Preliminary Biological Assessment: 
surveillance using established methods and including 
several general stress response biomarkers 
No response 
No need for 
shear action 
Response 
More specific 
bio parker tests 
Response 
Appropriate chemical analyses 
(metal, or organic chemicals) 
Reduce appropriate inputs 
No response 
Look for other 
sources of stress 
Figure 1.. 1 A flow chart showing how biomarkers could be incorporated in a tiered 
approach to environmental monitoring. Blue writing and arrows are techniques that are 
already in place based on the current system of consents, green arrows and writing shows 
where biomarkers could enhance the current system. 
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Initial screening of effluent would take place using sensitive non-specific biomarkers as 
well as existing methods, followed by more intensive assessment using more 
contaminant specific biomarker assays. The outcome of the more intensive biomarker 
assessment would indicate the type of chemicals for which to analyse. 
1.6. CONCLUSION AND OBJECTIVES 
The procedures presently in place for effluent toxicity testing and environmental 
monitoring are flawed in that little emphasis is placed on biological effects. There is a 
general consensus that biological assessment should be included in the evaluation of 
complex effluents and the health of the environment (Environment Agency, 1996b). All 
the biological options available (toxicity tests, biomonitoring, community effects/biotic 
indices and biomarkers) have their limitations. Current toxicity tests are for the most 
part laboratory based tests on water samples. The results give a measure of toxicity, 
which is easier to relate to potentially deleterious environmental effects than a chemical 
concentration, and is the sum of all the toxic elements present in the sample. Toxicity 
tests are unable to reflect the true complexity of the natural environment as they are 
laboratory based tests and so do not detect the integrated effects of contaminants over 
time, nor any sudden bursts of pollution. Biomonitoring techniques can only establish 
concentrations of known chemicals and the concentrations of a chemical may vary 
depending on the tissue used for the analysis. Measurements do however reflect the 
bioavailability of a given chemical, especially if a range of biomonitor organisms are 
used (Phillips and Rainbow, 1993). Biotic indices and community studies are good for 
assessing overall environmental quality but for the end of an outflow effects are 
arguably detected too late: the system has already changed, and 
due to the time delays 
involved, difficulties can arise in pinpointing precise causes. 
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Biomarkers are able to indicate both general and more specific contaminant stresses, 
some biomarkers showing a response after relatively short exposure periods at 
environmentally realistic exposure concentrations. In the field the integrated effect of all 
the contaminants present in the field can be seen on the biomarker response. Individual 
biomarkers have their associated faults, but it is possible by using a broad spectrum of 
techniques over a range of biological hierarchies that a suitably sensitive set of pollution 
indices can be found. 
In order for biological pollution assessment to be successfully carried out, there is a 
need to investigate the effects of mixtures of anthropogenic contaminants. Work on the 
effects of complex chemical mixtures has shown that interactive effects of chemicals 
alter the toxicity of mixtures in ways that are not always predictable. In order to 
incorporate biological tests into future environmental monitoring frameworks it is vital 
that the effects of complex mixtures of chemicals on organisms is thoroughly 
investigated. 
Aims of PhD 
Given that biomarkers have shown potential in environmental monitoring and the 
paucity of information on the effects of complex mixtures this study set out to: 
1. Identify a suite of biomarkers which can be developed into laboratory based tests to 
assess the toxicity of complex chemical mixtures 
2. Adapt the biomarkers so that they can be applied in field studies. 
3. Compare and validated biomarker responses against commonly used toxicity tests 
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4. Determine whether biomarkers can: indicate the concentration, or differentiate 
amongst the major toxic components, of complex chemical mixtures, and provide 
insight into systems affected by these components. 
5. Determine whether a suite of biomarkers can be used to assess environmental water 
quality in a chemically contaminated estuary. 
6. Evaluate the additional benefits of recognising patterns of biomarker responses as 
compared to looking at the responses of individual techniques. 
7. Assess whether biomarkers could be used by industry and legislators as 
environmental monitoring tools. 
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Chapter 2: Selection and evaluation of techniques 
The biomarkers, suggested as the most appropriate for use on invertebrates by the 
literature review, were judged according to a number of criteria. These criteria included: 
clarity of response; ease of operation; repeatability of results; availability of organisms 
involved; expertise required; cost; specificity and time scale of the assay. The 
biomarkers which showed the most potential in these initial trials were chosen for 
further investigation into the assessment of complex effluent toxicity both in laboratory 
and environmental monitoring situations. 
The biomarkers tested that responded to more general stress were; changes in heart rate; 
indicators of lysosomal stress and induction of heat shock proteins (hsp). 
Metallothionein (MT) induction was considered as a possible indicator of metal 
contamination. No obvious choice as a biomarker of organic pollution in invertebrates 
presented itself. Livingstone (1991) suggested a multi-parameter approach to investigate 
biomarker responses to organic contaminants in invertebrate, two biomarkers were 
therefore investigated, glutathione-S-transferase (GST) and benzo(a)pyrene mono- 
oxygenase (BPMO) activities. The organisms chosen on which to test the biomarkers 
were the crab, Carcinus maenas, and the mussel, Mytilus edulis, both of these are freely 
available, extensively studied and have a wide geographical distribution around the UK. 
Crabs and mussels have ample tissue for biochemical assays, are easy to keep in the 
laboratory and do not require a licence for experiments. 
In order to properly assess the biomarkers under investigation two commonly used 
toxicity tests where chosen for comparison. Thus, the possibility of using biomarkers to 
replace or complement existing methods could 
be thoroughly studied. The biomarker 
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methods could be validated by comparing the relative sensitivities of the different 
techniques. The toxicity tests used were, a standard LC-50 test using the marine 
harpacticoid copepod Tisbe battagliai and the commercially available Microtox® assay 
(Microbics Inc., Carlsbad, CA. ), in which toxicants inhibit light production in the 
bioluminescent marine bacteria Vibriofischeri (formerly Photobacterium 
phosphoreum). 
2.1. TECHNIQUES CHOSEN 
A brief summary of the rationale behind the techniques chosen follows. 
Biochemical biomarkers: 
Metallothionein induction 
Metallothioneins are low molecular weight polypeptides of about 6000-7000 Daltons, 
found in both prokaryotes and eukaryotes (Kagi and Kojima, 1987). They consist of 60- 
62 amino acids with cystein constituting about 33% of the MT molecule (George & 
Olsson, 1994). Metallothioneins are inducible by heavy metals such as copper, 
cadmium, zinc and mercury. Under normal metabolic conditions it is believed that they 
are involved in the homeostatic regulation of intracellular metals either through the 
transport or storage of metal ions (Karin, 1985; Viarengo, 1989). They are also thought 
to have a function in metal detoxification (Stegeman et al., 1992) and so offer potential 
for use in toxicological studies (Roesijadi, 1996) 
Glutathione-S-transferase activity 
Glutathione-S-transferase enzymes are a multifunctional family of conjugation enzymes 
involved in phase II of biotransformation, one of the main detoxification processes of 
organic compounds in many organisms (Chasseaud, 
1979). The enzymes are involved in 
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the conjugation of a broad range of electrophillic substrates to the thiol group of 
glutathione enabling them to be excreted (Boyland and Chasseaud, 1967). It is important 
that electrophillic compounds are dealt with quickly as they can react with 
macromolecules which control cell growth, such as DNA, RNA and proteins (Lee, 
1988). Glutathione-S-transferase enzymes therefore play an important role in the 
detoxification and elimination of toxic, mutagenic and carcinogenic xenobiotics 
(Jakoby, 1979; Lee, 1988). Glutathione-S-transferase activity is influenced by a range of 
compounds, for example PAHs, PCBs, pesticides and cadmium (Boryslawskyj et al., 
1988; Almar et al., 1988; Förlin et al., 1996; Martinez-Lara et al. 1996) and GST 
activity has been proposed as a biomarker in a number of different species (Bend and 
James, 1978; Almar et al. , 1988; Sheehan et al. 1991). 
Stress protein induction 
The induction or increased production of a group of proteins known as stress or heat 
shock proteins is the cellular response of an organism to environmental stress. Stress 
proteins are induced by a variety of environmental factors such as heat, chemicals, 
oxidative and salinity stress (Feige and Polla, 1994) and it has therefore been suggested 
they be used as biomarkers of general stress (Sanders, 1990). 
Cytochrome P450 monooxygenase activity 
The cytochrome P450 monooxygenase system is a coupled electron transport system 
involved in the first step, phase I, of biotransformation. The P450 system is made up of 
a large superfamily of heure proteins which are involved in the oxidative metabolism of 
a variety of lipophillic compounds, both exogenous and endogenous. 
The P450 system 
has been shown to be a useful biomarker for the detection of organic marine 
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contaminants as it is frequently induced by organic chemicals in fish (Goksoyr and 
Förlin, 1992; Förlin et al., 1994) and has also been successfully employed in 
invertebrates (Förlin et al., 1996; Michel et al., 1994). 
Cellular Biomarkers: 
Lysosomal stress response 
Lysosomes are organelles found within the cell. They are defined as membrane bound 
vesicles involved in intracellular digestion containing a variety of hydrolytic enzymes 
and are part of the cell's defence mechanism against general xenobiotic insult (Alberts 
et al., 1994). Lysosomes are exposed to xenobiotic compounds that have found their 
way into the cells and respond to the presence of foreign compounds, as well as other 
general endogenous stresses, in a variety of ways. The main lysosomal stress responses 
are changes in; size, lysosomal content, rate of fusion events, lysosomal permeability 
and alterations in uptake and detoxification ability (Hawkins 1980). 
Physiological Biomarkers 
Heart rate 
Heart rate is used in human and veterinary medicine as an indication of the health of the 
person or animal. Therefore, it is a logical progression to use the heart rate of other 
organisms as an indication of their state of health. Variability in heart rate has been used 
as an indicator of physiological competence in crabs by Depledge and Lundebye (1996). 
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Toxicity Tests 
Tisbe battagliai LC-50 
The environmental safety criteria for the release of substances into the environment is 
based, amongst other things, upon acute toxicity tests. An LC-50 test was therefore 
carried out using the marine copepod Tisbe battagliai. They have a wide geographical 
distribution, short life cycle, are relatively sensitive to contamination and do not need 
sophisticated equipment nor much space for testing. Tisbe battagliai have been chosen 
by industry as a standard marine and estuarine test organism (Hutchinson and Williams, 
1988). The T. battagliai used were in the juvenile, nauplii, life stage. The nauplii are 
more sensitive to contamination than the adults, although both are used for industrial 
toxicity testing (Hutchinson et al., 1994). 
Microtox® 
The Microtox® assay (Microbics Corporation, Carlsbad, CA) is a commercially 
available assay. It is based on the inhibitive effect of toxicants on the light producing 
ability of the bioluminescent marine bacteria Vibrofischeri. The bacteria produce light 
following the luciferase pathway as shown in the equation below. 
Mg 2+ 
FMNH2 + 02 + RCHO > FMN + ROOH + H2O + Light 
Luciferase 
(FMNH2 - reduced flavin mononucleotide; FMN - oxidised 
flavin mononucleotide) 
In the presence of contaminants this pathway is inhibited resulting in a decrease 
in 
emitted light. The toxicity of a sample is evaluated by measuring 
its capacity to inhibit 
light. An EC-50 value, the effective concentration to cause a 50% decrease in the light 
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emitted by the bacteria, is calculated by comparing the light emitted by the bacteria in 
test samples with controls. The lower the EC-50 value the more toxic the solution. 
2.2. MATERIALS AND METHODS 
All chemicals were purchased from SIGMA unless stated otherwise. 
2.2.1. Metallothionein Concentrations 
The method chosen to measure metallothionein concentration was that of Viarengo et 
al. (1997). It involves the partial purification of metallothionein by solvent fractionation 
(Kimura et al., 1979; Dieter et al. 1987) followed by the colourimetric reaction of the 
cystein S-H bonds in the metallothionein with 5,5 dithiobis 2 nitrobenzoic acid (DTNB) 
(Ellman, 1958). The total amount of metallothionein was calculated using a reduced 
glutathione (GSH) standard, as both metallothionein and glutathione contain 
approximately 30% cystein. 
Preparation of tissue for spectrophotometric metallothionein analysis 
Gill and digestive gland used for the assay were dissected out of either crabs or mussels 
as described in chapter 3 section 3.1.2. The tissue was snap frozen in liquid nitrogen and 
stored at -80°C. Approximately 1g (wet weight) of tissue sample was ground with liquid 
nitrogen in a cooled mortar. The tissue was transferred into a1 Oml beaker and the exact 
weight noted, to this 3m1 of cold 1mM dithiothreitol (DTT) solution and 30µl 0.5mM 
phenylmethylsulfonylfluoride (PMSF) in ethanol were added. The samples were placed 
on ice and sonicated for 3x 15 sec, after which a further 30µl of the PMSF solution was 
added. The samples were then ultra-centrifuged at 100 000 xg and 
4 °C for 70 minutes 
in a Beckman TL- 100 ultracentrifuge to obtain the cytosolic 
fraction. 
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Ethanol precipitation 
500µ1 aliquots of supernatant where added to 500µl of cold (-20°C) ethanol and 40µl 
chloroform and centrifuged at 6000 xg and 4°C for 10 minutes in a Sigma Howe 3K30 
centrifuge. To the resulting supernatant 3 times its volume of ethanol, at -20°C, was 
added and the samples were placed in a -20°C freezer for 1 hour. The samples were then 
centrifuged at 6000 xg for 10 minutes and 4°C. The resulting pellets were washed twice 
using 2 ml (in total) of washing buffer (87% absolute ethanol, 1% chloroform and 12% 
20 mM tris-HCJ 0.5M sucrose buffer pH 8.6, overall pH 8) and centrifuged at 6000 xg 
for 10 minutes and 4°C. The supernatant was discarded and the pellet dried on ice under 
a constant stream of nitrogen or argon gas. 
Spectrophotometric assay (Ellman 's Reaction) 
The pellets obtained from the above procedure were resuspended in 300µ1 of 5mM Tris- 
HCI, 1 mM ethylenediamine tetraacetate (EDTA) buffer, pH 7. To this was added 4.2 ml 
of 0.43 mM DTNB solution in 0.2 M Na-phosphate buffer (pH 7). The samples where 
incubated at room temperature for 15 minutes and the absorbancy read at 412 nm on a 
API Unicam UV/VIS UV-4 spectrophotometer. The concentration of metallothionein in 
each sample was quantified using a GSH standard curve. 
Calculation 
The metallothionein concentration in the sample was calculated using the 
formula: 
MT (µg g-l wet wt) =VcxC 
Vs xWt 
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Vc = Volume buffer added after centrifugation (ml) 
Wt = Wet weight tissue used (g) 
Vs = Volume sample (ml) 
C= Concentration read from the GSH standard calibration curve (µg ml-1) 
Evaluation and validation of method 
This assay is one of the simpler methods available for measuring total metallothionein 
concentrations and does not require any unusual laboratory equipment. Pedersen and 
Lundebye (1996), Romeo et al. (1997) and Viarengo et al. 1997 compared this 
spectrophotometric technique with other methods for measuring metallothionein. In all 
instances the results were comparable. Pedersen (Pers Comm) validated the technique in 
the laboratory at Plymouth and showed that the initial amount of tissue added was 
directly proportional to the final amount of metallothionein measured as was the initial 
amount of cytosolic fraction. The repeatability of the assay is given in Table 2.1 The 
mean coefficient of variation from run to run was 6%. A coefficient of variation of 
around 10% or less between runs was considered acceptable throughout this work. 
The advantage of this method is its simplicity, especially when compared with the other 
techniques available for determining metallothionein concentrations. The main 
disadvantage is the amount of time needed to run the assay, it takes about five hours to 
prepare and another two five hour sessions to run twenty samples in duplicate. Overall 
the preliminary method investigation indicates that this technique, although time 
consuming, is simple and relatively cheap (the main expense is the absolute ethanol) and 
so it offers potential to measure metallothionein in biomarker studies. 
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Crab MT: Mean Std dev C. V. 
........... __. _. _.. -----.... .... ..... 
run 1 
... ......... . _. _.......... _. _... _.............. 
run2 
................. _............................. 
run 3 
.... . .................. ....... . 1 369 350 . . . ... ........... .. .. 281 ....... ............ ............. . _...... . _............... ..... 333 ....... _....... ....... __- __.. _.... _... __... 46 14 
2 374 360 347 360 14 4 
3 316 304 299 306 9 3 
4 373 380 353 368 14 4 
5 298 279 347 308 35 11 
6 394 440 433 422 24 6 
7 337 330 337 335 4 1 
8 350 394 350 365 25 7 
Table 2.1 Midgut gland metallothionein concentration in µg g"1 wet weight analysed in 
triplicate on eight crabs using a spectrophotometric method based on Viarengo et al. 
(1997). 
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2.2.2. Glutathione -S-transferase activity 
The assay used to measure glutathione-S-transferase activity is that of Habig et al. 
(1974) using 1-chloro-2,4-dinitrobenzene (CDNB) as a substrate. The enzyme activity is 
determined spectrophotometrically by measuring the rate of the conjugation reaction of 
GSH with CDNB. 
Sample preparation 
Carcinus maenas gill tissue dissected out as described in section 3.1.2 was cut into 
small pieces with scissors then ground up on ice in a potter homogeniser with 0.1 M 
potassium phosphate (KPO4) buffer (pH 6.5) at an approximate weight to volume ratio 
of 1: 2. The homogenate was sonicated 3 times for 10 seconds, centrifuged at 10 000 xg 
and 4°C for 20 minutes and the supernatant removed for the enzyme assay. The 
supernatant was kept on ice if the assay was to be performed immediately, otherwise it 
was stored at -80°C and the analysis carried out within 2 weeks. 
Enzyme assay 
A sample and reference cuvette containing 2.85 ml of 1 mM GSH in 0.1 M KPO4 buffer 
(pH 6.5) and 100 µl 1mM CDNB (in 4% ethanol) were incubated for 10 minutes at 
25°C before running the assay. The assay was run at 25°C in a temperature controlled 
Perkin-Elmer lambda 7 UV/VIS spectrophotometer. The reference and sample cuvette 
were zeroed against each other and the reaction started by the addition of 50µ1 of 
enzyme sample to the reaction cuvette. The sample cuvette was well mixed and the 
reaction rate recorded immediately at a wavelength of 340nm 
for 2 minutes. 
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Calculation 
The enzyme activity, reaction rate, was calculated as the change in absorbance minute-' 
µg protein"'. A Bicinchoninic acid (BCA) protein assay reagent kit (Pierce Chemical 
Company, USA) was used to determine the concentration of protein in the sample as 
described in section 2.2.3. 
Rate =OAx V 
ExP 
AA= change in absorbance per minute (absorbance units minute"') 
V= total volume in cuvette (ml) 
P= protein concentration (mg) 
c= extinction coefficient for CNDB (9.6 µ mols min 1 mg-1 protein) 
Method evaluation and validation 
To ensure that the assay was linear within the range of protein concentrations used, a 
graph was plotted of absorbance against volume of enzyme sample added (see Figure 
2.1). The graph shows that the assay was linear within the protein concentrations tested. 
The amount of protein was directly proportional to the volume of sample added. The 
protein concentration was 3.49 µg µl-l, the assay was therefore linear in the range 0 to 
349 µg of protein. The coefficient of variation on the results of 6 replicate analyses, 
using enzyme from the pooled gill tissue of three crabs, was about 5% (see Table 2.2) 
demonstrating that the repeatability of the assay was at an acceptable level. The change 
in rate of the reaction with time is shown in Figure 2.2. The rate is constant for about the 
first three minutes and then slows down. The reaction rate was therefore measured for 
81 
0.3 
0.25 
0.2 
0.15 
Q 0.1 
0.05 
0 
0 10 20 30 40 50 60 70 80 90 100 
Volume enzyme added 
Figure 2.1 The relationship between the absorbance (in nm) and the volume of enzyme 
extract, from crab gill tissue, added (µl). The values are the mean ± standard deviation, 
n is between 3 and 6 for each value. The concentration of protein in the enzyme sample 
was 3.49 pg µl"1 therefore the relationship is linear in the 0-349 µg protein range. 
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Replicate Absorbance/nm Mean Std Dev C. V. 
1 0.144 0.147 0.009 6% 
2 0.138 
3 0.154 
4 0.141 
5 0.157 
6 0.187ýl 
Table 2.2 Results from six replicate runs of the glutathione-S-transferase assay using 
50µ1 of enzyme sample from the pooled gill tissue of 3 crabs. Absorbance is in nm. 
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Figure 2.2 Changes in GST activity with time, for a single sample, using 50 µl of 
sample (gill tissue). The rate of activity is represented by the change in absorbance with 
time, the rate is constant for approximately the first three minutes, this was the case for 
several repeat samples. 
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the first three minutes after enzyme addition. Overall the assay was relatively simple to 
carry out and given that it is one of the more contaminant specific assays and relatively 
rapid, 30 samples can be run in duplicate in about two days, the method was considered 
worthy of further investigation. 
2.2.3 Total protein concentration 
Total protein concentration was determined using a Bicinchoninic acid (BCA) protein 
assay reagent kit (Pierce Chemical Company, USA). The assay is based on the 
colourimetric reaction of BCA with protein to form a purple product with a strong 
absorbance at 562 nm, allowing for the spectrophotometric quantification of the protein. 
The protocol followed was the standard protocol laid out in the operating instructions 
supplied with the kit using a Bovine Serum Albumin (BSA) standard. 
2.2.4 Stress proteins 
Stress proteins in the hsp 70 family were investigated in the crab Carcinus maenas, 
following the technique of Lundebye et al. (1995), using electrophoresis followed by 
immunolabelling and western blotting. 
Sample preparation 
Following dissection, gill or muscle tissue from Carcinus maenas were ground in liquid 
nitrogen and then mixed with a detergent containing homogenisation buffer (200 mM 
tris-HCI, 3% nonidet P-40, pH 6.8) which included several protease inhibitors (10 µM 
Leupeptin, 1 µM Pepstatin A, 1 mg 1"1 Aprotinin). The tissue to buffer, weight to 
volume ratio was 1: 4 for gill tissue and 1: 8 
for muscle tissue. The samples were 
sonicated on ice 3 times for 15 seconds, after which 
0.1 M PMSF in isopropanol was 
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added so that it formed 5% of the final volume. The samples were then centrifuged at 20 
000 xg and 4°C for 60 minutes and the supernatant removed and stored at -80°C until 
further analysis. Protein concentrations were determined prior to electrophoresis using 
BCA protein assay reagent (Pierce Chemical Company, USA) as described section 
2.2.3. 
Electrophoresis and Western Blotting 
The general electrophoresis method was that of Towbin et al. (1979). Samples were 
defrosted slowly on ice. They were then diluted using Laemmli (1970) sample buffer 
(40mM Tris pH 6.8,1% sodium dodecyl sulphate (SDS), 7.5% glycerol 0.2% 
bromophenol blue, 1% beta mercaptoethanol, 50 mM dithiothreitol, in ultrapure water) to 
give a final concentration of protein in the sample of 3 µg µl"1. The samples were then 
boiled for 3 minutes at 95 ° C. The proteins were separated by one dimensional SDS 
page electrophoresis (Hoefer Mighty small electrophoresis units). 10 µl of sample were 
added to 14 wells of a 15 well 10% polyacrylamide resolving gel via a5% stacking gel, 
both 1.5 mm thick. A standard solution containing proteins of known molecular weight 
(Bio-rad) was added to one of the other well. The gels were run at a constant current of 
40 mA per gel. The eletrophoresis units were water cooled. The proteins were then 
transferred from the gel to a nitro-cellulose membrane using a semi-dry transfer unit 
(KEM-EN-TEC), the unit was run for 2 hours at 0.8 mA CM -2 gel. 
Antibody labelling and visualisation 
The nitrocellulose membrane was blocked using 3% low-fat skimmed milk 
in TTBS 
(0.1 % tween in tris buffered saline) on a shaker table at room temperature overnight. 
Blocking of the nitrocellulose membrane stops non-specific binding of the antibodies 
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and so reduces background interference. Following the blocking, the nitrocellulose 
membranes were washed twice for 10 minutes in TBS (tris buffered saline). The blots 
were then incubated for 2 hours with a solution of the primary antibody, a monoclonal 
antibody raised against mammalian hsp70 (clone 3a3, Affinity Bioreagents), diluted 
1: 1000 in 1% gelatine and TBS. This antibody has been shown to detect constitutive as 
well as inducible members of the HSP-70 family in crabs (Vedel and Depledge, 1995) 
The blots were again washed first with TTBS and secondly with TBS for 10 minutes 
each after which they were incubated with the secondary rabbit anti-mouse antibody 
(Dakopatts) for 90 minutes. The blots were then washed once more using TTBS 
followed by TBS for 10 minutes each. 
The blots were stained using a developer solution consisting of 100 µl P-nitro blue 
tetrazolium chloride(NBT) solution (300 mg NBT in 7 ml N, N-Dimethylformamide 
(DMF) and 3 ml ultra pure water) mixed with 100 p 15-Bromo-4-Chloro-3 - 
Indoylphosphate Ptoludine (BCIP) solution (15 mg BCIP salt in 10 ml DMF) in 10 ml 
bicarbonate buffer (8.4 g NaHCO3,0.2 g MgC12-6H20 in 11 ultrapure water, pH 9.8). The 
colour signal is obtained as a result of NBT and BCIP reacting with the alkylphosphatase 
link on the secondary antibody. 1.5-2 ml of developer solution was pipetted on to the 
nitrocellulose and left for 1 hour when the protein bands could be visualized. Once 
developed, the nitrocellulose paper was washed in ultrapure water for 10 minutes then 
dried between tissue paper. The intensity of stain of each protein band was quantified 
using a densitometer (Pharmacia LKB Ultra-scan) and GSXL software. The 
densitometer scanned each well lane and produced a peak reflecting the intensity of the 
staining of the band, the heights of each peak was measured to quantify 
the relative 
intensity of the protein bands. 
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Method validation and evaluation 
Preliminary evaluations of the technique were carried out using gill and muscle tissue 
from heat shocked and control crabs. The crabs were heat shocked for 4 hours at 10°C 
above the standard aquarium temperature of 12°C and then left to recover for 18 hours 
prior to dissection. Results of three gel runs for three control and three heat shock 
treated crabs are shown on Table 2.3. The absolute value from gel to gel could not be 
compared but the relative densities, given as a percentage of the most intensely stained 
band, are comparable. Analysis of the density of stress protein bands from all the heat 
shocked and control crabs used showed no significant difference between the two 
treatment groups questioning the clarity of the response. Other problems associated with 
the technique include: the length of time required to process samples, approximately 3 
days for 15 samples in duplicate; its cost, antibodies are expensive, and the high levels 
of skill required. Taking into account all theses disadvantages and as the technique was 
only a measure of general as opposed to specific stress it was not considered to be worth 
pursuing. 
2.2.5. Benzo pyrene monooxygenase (BPMO) activity 
The technique used to measure monooxygenase activity is based on the 
spectrofluorometric method of Nerbert and Gelboin (1968). The cytochrome P450 
enzyme is used to catalyse the hydroxylation of benzo(a)pyrene (B(a)P) in the presence 
of NADPH and Mg 2+ and the fluorescence of the hydroxylated product is measured. 
The method has been used to detect monooxygenase induction in crabs (O'Hara et al., 
1982; Batel et al., 1988; Fossi et al., 1996a; 1996b) and mussels (Suteau et al., 1988; 
Livingstone et al., 1989). 
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Crab Gill Muscle 
Gell Gel2 Gel3 Gell Gel2 Gel3 
Heat Shock 1 166.9 122.2 151.2 133.3 79.1 120.6 
(100) (100) (100) (100) (100) (100) 
Heat Shock 2 141.5 117.3 133.9 60.4 48.0 83.2 
(85) (96) (89) (36) (39) (55) 
Heat Shock 3 133.6 109.0 142.7 128.4 100.6 115.0 
(80) (89) (94) (77) (82) (76) 
Control 1 82.3 80.0 64.6 131.1 121.4 / 
(80) (65) (43) (79) (99) 
Control2 93.2 106.8 112.2 65.3 65.5 57.8 
(56) (87) (74) (39) (54) (38) 
Control3 37.5 41.6 27.5 76.7 / 98.6 
(22) (34) (18) (58) (65 
Table 2.3 The maximum heights of peaks following density scanning of gel bands from 
gill and muscle tissue of heat shocked and control crabs. The top values are the actual 
height (in arbitrary units) of the density peaks following densitometry scaning, the 
height is proportional to the intensity of the band The same amount of protein was 
loaded onto each gel (30µg). The lower value in brackets is the upper value given as a 
percentage of the value for heat shock crab 1, for any given gel, heat shock crab 1 tissue 
gave the most intensely stained band on each gel. /, band unclear and no obvious peak 
found. 
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Preparation of microsomal fraction 
Following dissection 1-2g of gill or digestive gland was added in a 1: 3 weight to volume 
ratio to homogenisation buffer (50mM K2HPO4,75M Sucrose, 1mM EDTA, 0.5 mM 
DTT, 400 µM PMSF, 10 µM Leupeptin, 1 µM Pepstatin A, 1 mg 1"1 Aprotinin, pH 7.5). 
The tissue was cut up using a pair of scissors and then homogenised on ice in a glass 
potter homogeniser with a teflon pestle. The homogenate was sonicated for 30 seconds 
and the sample centrifuged at 9000 xg and 4°C for 20 minutes. The supernatant was 
then centrifuged at 100 000 xg and 4°C for 60 minutes in a Beckman TL-100 
ultracentrifuge. The supernatant was discarded and the pellet resuspended in 0.5m1 of 
resuspension buffer (10 mM Tris, 20% glycerol, pH 7.5) and stored at -20°C for 30 
minutes and then at -80°C until biochemical analysis. 
BPMO enzyme activity 
Samples were defrosted on ice and then added to resuspension buffer to give a final 
concentration of 2.6 ml buffer per gram of tissue. To ensure that the samples were well 
mixed they were given 5 passages in a potter blender after resuspension. If gill tissue 
was used the sample was sonicated for 30 seconds as well. Then 300-500 µl of each 
sample, were incubated in a shaking water bath for 60 minutes at 30°C with 460 µl Tris 
HCI, 200 µ1 MgC12,200 µl NADPH and 50 µl of 2 mM B(a)P in methanol. For each 
sample analysed a blank was made by immediately adding 1 ml acetone to a duplicate of 
the incubation mixture. The reaction was stopped after 60 minutes by adding 1 ml of 
cold acetone to the samples, but not the blanks. Then 3.25 ml of hexane was added to 
both the samples and the blanks. The samples and blanks were left for 10 minutes, still 
at 30°C, to allow them to separate out into 2 
different layers, after which lml of the 
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organic upper layer was removed and 3ml of IN NaOH added. This was again allowed 
to separate out and this time the lower alkali layer containing the hydroxylated B(a)P 
was removed, and kept in the dark. The fluorescence of the lower alkali layer was 
recorded at an excitation wavelength of 396 nm and emission of 522 nm within 90 
minutes and compared with a quinine standard. 
Method validation and evaluation 
The method was tested using fish liver as well as crab gill and hepatopancreas. High 
levels of fluorescence were detected in the fish liver but the levels in the crab tissue 
were very low, around the detection limit of the spectrofluorimeter. The use of a 
protease inhibitor spray when dissecting the crabs improves results in Carcinus aesturii 
according to Casini (Pers. Comm. 1995) but as the object was to find relatively simple 
and repeatable methods that were sensitive yet robust it was decided that such 
refinements would possibly just increase the variation and so the method was not 
investigated further. The actual method itself was however relatively straightforward 
although time consuming and would have been worth considering if the levels of 
fluorescence in the crab tissue had been higher. 
2.2.6. Lysosomal Stability and Enlargement 
Two lysosomal stress responses were considered for use as biomarkers. The first was 
the decrease in membrane stability, tested by measuring the ability of the lysosomes to 
contain the supravital dye neutral red (CI No 50040). Neutral red is taken up and 
retained by lysosomes of healthy cells for longer than stressed cells. The 
health of the 
cell is proportional to the time that the lysosomes can 
hold the dye, i. e. the neutral red 
retention time (Lowe et al., 1992). The method used to measure neutral red retention 
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time is that of Lowe et al. (1995). The second method investigated lysosomal 
enlargement as a potential biomarker. Lysosmal enlargement was measured using the 
fluorescent molecular probe BODIPY-FL-verapamil (BFLV) (Molecular Probes Inc., 
Oregon), which is a fluorescent derivative of verapamil that is accumulated in 
lysosomes. The method used to measure changes in lysosomal size using BODIPY-FL- 
verapamil is similar to the neutral red method but instead of measuring the neutral red 
retention time the size of the lysosomes is measured using image analysis. In both cases 
lysosomes in crab and mussel haemocytes were used. 
Slide preparation 
Mussels were bled from the posterior abductor muscle into a hypodermic syringe 
containing mussel physiological saline (20mM Hepes, 436mM NaCl, 53mM MgSO4, 
10mM KCI, 10mM CaC12, pH = 7.3) from the recipe of Peek and Gabbot (1989). 
Enough haemolymph was removed so that the final ratio of haemolymph to saline was 
1: 1, usually 0.5ml of each were used. The needle was removed from the syringe and the 
resultant mixture gently ejected into siliconised eppendorfs. 40µ1 of the saline- 
haemolymph mix was then pipetted onto poly-l-lysine treated slides (poly-l-lysine helps 
the cells adhere to the slide) within dacoTM pen circles (the daco pen provides a ridge of 
inert material that prevents the cells sliping off the slide). 
Crabs were bled by pricking a hole at the base of the third walking leg using a needle. A 
100 µl Drummond pipette was then used to draw up 100 µl of haemolymph. The 
haemolymph was immediately added to a siliconised eppendorf containing an equal 
volume (100 p1) of pre-cooled anti-coagulant 
(0.45M NaCl, 0.1M Glucose, 30mM 
Trisodium Citrate, 23mM Citric acid, 10mM EDTA, pH = 4.6) according to the recipe 
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of Söderhäll and Smith (1983). 40 µl of the anti-coagulant-haemolymph mix was 
pipetted onto poly-l-lysine treated slides within daco pen circles and 40 µl of crab 
physiological saline (0.5M NaCl, 11 mM KCI, 12mM CaC12.6H20,26mM MgC1.6H209 
45mM Tris, 3.8mM HCI, pH = 7.4) from the recipe of Smith and Ratcliffe (1978), 
immediately pipetted on top, to keep the cells in optimum condition. Both crab and 
mussel haemocytes were left to adhere to the slides for 30 minutes in a humidity 
chamber (a dark damp box) after which excess liquid was drained off before further 
processing. 
Neutral red addition and measurement of retention time 
To each slide 40 µl of 100 µg 1-1 neutral red solution was added. The working solution 
was made by diluting 5 µl of a 20 mg ml-1 neutral red in dimethyl sulphoxide (DMSO) 
stock solution in 995 µl saline. The slides where then incubated with the neutral red dye 
in a humidity chamber for 15 minutes. A cover slip was then placed over the cells and 
each slide examined under the microscope as quickly as possible. When observing the 
cells under the microscope they where deemed viable or not. This was done by 
considering a variety of factors: the state of the cells and their shape, rounded cells are 
generally less healthy; the state of the lysosomes i. e. how round and enlarged they are; 
the concentration of neutral red dye in the lysosomes and finally the amount of dye 
leakage from the lysosomes. If over 50 % of the cells on a slide looked as if they were in 
good condition and no dye had leaked out then the slide was said to be `healthy' and left 
in the humidity chamber for further viewing. If however over 50 % of the cells on the 
slide were in poor condition and contained leaky lysosomes the slide was said to 
be 
`unhealthy' and discarded. The neutral red retention time for a slide was taken to be the 
time from the first viewing of the slides until it was judged as `unhealthy', slides 
judged 
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as `unhealthy' at the first viewing were given a retention time of 0. The pictures in 
Figure 2.3 show healthy and unhealthy mussel cells. The slides were examined every 15 
minutes for the first hour and every 30 minutes for the two subsequent hours or until all 
the slides contained unhealthy cells. The slides where kept in the dark in the humidity 
chamber if not under observation. One slide was used per crab or mussel and the data 
analysed using non-parametric statistical techniques (see section 3.1.4). 
BODIPY-FL-Verapamil addition and measurement of lysosomal enlargement 
After draining away excess fluid 40 µl of diluted (2 µl in 998 µl physiological saline) 
BFLV was added onto each slide. The slides were incubated for a further 15 minutes in 
a humidity chamber. A cover slip was placed over the slide and each slide assessed 
within two hours using a fluorescent microscope in conjunction with an image analyser. 
The program used for the image analysis was written by Paul Russell, Biology 
Department, University of Plymouth. The image analysis system was set up as shown in 
Figure 2.4. Slides were placed on a fluorescent microscope at X 40 magnification with 
dark field attachment (Carl Zeiss) and viewed using a fluorescent camera (Hitachi HV- 
C20). The images were shown on a screen linked to the image analyser (Quantimet 570, 
Cambridge Instruments) which in turn was attached to a computer. 
Using the dark field microscope the image analyser obtained an outline of all the cells in 
the field of view. Then, using the fluorescent microscope the image analyser measured 
the length of every cell, its area and brightness. Subsequently each cell was analysed in 
detail and the area of the brighter spots within the cell that corresponded to intra-cellular 
vesicles were measured. The brightness of the vesicles were also measured. 
All these 
data were downloaded onto disc. The whole procedure was repeated ten times 
for every 
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Figure 2.3 Mussel haemocytes after exposure to neutral red in good (top picture, a) and 
poor (lower picture, b) condition. 
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Figure 2.4 A schematic diagram of the set up of the fluorescent microscope and Image 
Analyser used for measuring changes in lysosomal size. 
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slide, using a different field of view every time, two slides were analysed per animal. 
The data was analysed using nonparametric statistics (see section 3.1.4) as the 
distribution was not normal but highly skewed, each slide containing many small but 
relatively few large lysosomes. A picture of healthy and unhealthy crab cells after 
incubation with BFLV is shown in Figure 2.5. The unhealthy cells are rounded and have 
obviously enlarged lysosomes compared with the healthy cells. 
Lysosomal stress responses; method validation and evaluation 
The technique to measure the neutral red retention time was validated in mussel and 
crab haemolymph by carrying out an in-vitro experiment blind. Blood from two mussels 
and crabs was pipetted into four eppendorfs two of which contained 100 µg 1-1 
chlorpromazine in saline and two controls which only contained saline. Chlorpromazine 
is known to induce lysosomal enlargement and autophagy (Moore et al., 1996). An 
obvious difference in retention time was observed between the blood from the 
chlorpromazine containing eppendorfs compared with the controls for both crabs and 
mussels as shown in Table 2.4. Table 2.4 also shows that there was little variation 
between the retention time for one animal in any of the treatment groups. The retention 
times for different slides from the same eppendorf were the same ± 15 minutes. The 
crab cells were less robust than the mussel cells as shown by their much shorter 
retention time, in both the control and exposure groups. 
Validation and evaluation of the method to measure lysosomal enlargement was carried 
out in a simple exposure experiment to copper. Lysosomal area in haemocytes from 
eight crabs after a2 week exposure to 1 mg 1"1 of copper was compared with control 
crabs and found to be significantly enlarged, using non-parametric statistical techniques 
97 
(a) 
(b) 
Figure 2.5 Crab haemocytes after incubation with BODIPPY-FL-verapamil. The top 
picture (a) shows cells in good condition whereas the lower picture (b) shows cells in 
poor condition. 
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Treatment Retention Time: 
Slide 1 Slide 2 
Crab 1 control (a) 60 45 
control (b) 60 60 
cpz (a) 15 15 
cpz (b) 15 15 
Crab 2 control (a) 45 45 
control (b) 45 45 
cpz (a) 15 0 
cpz (b) 15 15 
Mussel 1 control (a) 120 90 
control (b) 120 120 
cpz (a) 45 45 
cpz (b) 30 30 
Mussel 2 control (a) 90 90 
control (b) 120 120 
cpz (a) 30 30 
cpz (b) 30 45 
Table 2.4 The neutral red retention time results after an in vitro exposure experiment of 
crab and mussel blood to chlorpromazine (cpz). Retention time is in minutes. 
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(see section 3.1.4). The results are shown in a box and whisker plot in Figure 2.6. 
Further validation of the technique was carried out by looking at replicates of lysosomal 
size on different slides from the same mussels to investigate the variation between 
slides. Figure 2.7 shows box and whisker plots of the log lysosomal area of mussel 
haemocytes for two replicate slides from 8 mussels. Lysosomal area in haemocyteson 
separate slides but from the same mussel was not significantly different for any of the 
pairs of slides viewed. The effect of time on the state of the lysosomes was also 
investigated for mussel cells. After a period of about 10 days in the laboratory (5 days in 
exposure tanks and 5 days in holding tanks), without feeding, the mussel lysosomes 
were shown (see Figure 2.8) to be enlarged. The lysosomal size in haemocytesfrom 
mussels that had been maintained in the exposure tanks for 120 and 144 hours was 
statistically significantly greater (using non-parametric statistical techniques, see section 
4 
3.1.4) than for mussel held in the laboratory for less time. This shows that there is some 
effect of laboratory stress / starvation on the animals which must be taken into 
consideration when using this technique. 
Overall both the techniques to measure lysosomal stress worked well in preliminary 
studies. The neutral red technique was the simplest. It also has the advantage of not 
requiring specialised expensive equipment and could easily be carried out in any 
laboratory or on site in the field using a field microscope. Neutral red may however be 
considered too subjective as the retention time is subject to the interpretation of the 
experimenter. The use of image analysis and the fluorescent probe removes the 
subjectivity but it also takes away the simplicity of the technique. 
Both techniques 
merited further study. 
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Figure 2.6. Box and whisker plot of log lysosomal area in crab haemolymph after a2 
week exposure to 1 mg 1-1 copper (exp) compared with control (con) crabs. n=8; 
lysosomal area is in arbitrary units. 
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Figure 2.7 Box and whisker plots of log lysosomal area using haemolymph from eight 
mussels with duplicate slides for each mussel. Lysosomal area is in arbitrary units; 1-8 
are the mussels; a and b are replicate slides of haemolymph from the same mussel 
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Figure 2.8 Changes in mussel haemolymph lysosomal area with time. n=6; lysosomal 
area is in arbitrary units 
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2.2.7. Heart rate 
The heart rate of crabs and mussels was measured using the computer aided 
physiological monitoring system (CAPMON), a non-invasive infra-red light system, 
designed and described by Depledge and Andersen (1990). The system, shown 
schematically in Figure 2.9. consists of a photo-sensor, containing an emitter and 
receiver of infra red light, connected to an amplifier and analogue to digital converter 
and then to a computer containing software written by B. B. Andersen, University of 
Odense, Denmark. 
The sensor is positioned on the shell of the invertebrate close to the heart. The sensors 
emit a beam of infra red light which is reflected back by dense matter in this case the 
heart, the intensity of light that is reflected back is proportional to the distance the light 
has travelled. As the heart beats its shape changes and so to does its position relative to 
the sensor the distance travelled by the infra red beam changes in parallel, this results in 
fluctuating light intensities being detected by the receiver. These fluctuations follow the 
cardiac cycle and are displayed graphically in real time on the computer screen, allowing 
the heart beats to be visualised as shown in Figure 2.9. Heart beats are recognised by 
their shape and the regularity with which they appear on the screen. Each complete 
cardiac cycle is recorded and the data downloaded as the number of heartbeats per 
minute. 
Crab heart rate 
The heart rate of crabs was measured both at rest and during shaking stress following 
one weeks exposure to contaminants. The heart rate of eight crabs was measured 
simultaneously. A sensor connected to the CAPMON monitoring system was attached 
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Figure 2.9 A schematic diagram of the CAPMON system set up for crabs. 
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using a small positioning device (plastic ring surround with a screw securing the sensor) 
to the dorsal carapace of the crab directly above the heart. The crab was placed in a 2.5 
litre blacked out plastic tank containing 0.5 litres of water taken from the crabs exposure 
tanks. The tanks were placed in a2 by 2 arrangement on a shaker table, with four tanks 
directly on the table and four on a tray above. The shaker table and tanks containing the 
crabs were then completely covered by a large container to minimise external 
disturbances that may have interfered with the heart rate. 
The crabs were left for an hour to allow them to settle and their heartbeats to become 
regular, their heart rate has been shown not to change after an hour (Bamber and 
Depledge 1997a). The resting heart rate was recorded for an hour after which the shaker 
table was switched on and the stressed heart rate recorded for an hour. The data were 
stored on disks as heartbeats per minute. The whole procedure was then repeated for 
eight more crabs. Equal numbers of crabs from each of the exposure groups were 
monitored at any one time. 
Crab heart rate: method validation and evaluation 
Replicate measurement of heart rate in crabs monitored at different times of day 
(morning and afternoon) and on separate days are shown in Table 2.5. The heart rates 
measured at different times are not significantly different (p>O. 10) from each other, 
suggesting that the measurement of heart rate is repeatable from day to day. Neither the 
size of the crabs (which were all between 5 and 7 cros) nor the time of day were shown 
to correlate with heart rate (p>O. 10, following regression analysis), therefore these 
factors need not be taken into consideration in the analysis of the results. The fact that 
the heart rate was similar irrespective of the time of day suggests that any endogenous 
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Crab Heart rate: 
Day 1 Day 
.. 
2 
1 31±5 26±6 
2 16±8 19±7 
3 14±4 19±4 
4 29±10 27±6 
5 41±6 37±4 
6 37±7 34±6 
7 47±4 42±8 
8 33±10 29±4 
Table 2.5 Mean and standard deviation in heart rates, in beats minute-', recorded in the 
same crabs at different times (either morning or afternoon) on separate days. 
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rhythms that crabs have in the field (Aagaard et al., 1995) are lost after a week in the 
laboratory. Figure 2.10 shows a typical response of the heart rate of an individual crab 
before and after shaking stress and demonstrates the clarity of the average responses. 
The ease of operation and the low running cost of the technique (although the initial 
outlay is high) was a definite advantage and so the measurement of crab heart rate was 
considered worthy of further investigation. 
Measurement of mussel heart rate 
The heart rate of twelve mussels was monitored simultaneously. Sensors connected to 
the CAPMON system were attached directly to the mussels shell, using super-glue 
(Loctite 314), on the mid dorsal line just behind the posterior termination of the hinge. 
In laboratory experiments groups of four mussels were placed in 10 litre tanks 
containing clean biologically filtered sea water and left for an hour to acclimatise. The 
basal heart rate was then monitored for a minimum of two hours, to act as an internal 
control, after which contaminants were added directly to the tanks and the heart rate 
monitored for at least another six hours. The heart rate after contaminant addition was 
then compared with the basal heart rate. An example of a typical mussels response 
following exposure to a metal mixture is shown in Figure 2.11. Periods where the 
mussels shut down and the heart rate was zero were filtered out so that standard 
statistical analyses could be carried out. If the data is not filtered medians and 
nonparametric statistical techniques should be used. 
In the field experiment to measure heart rate the mussels were taken back to the nearest 
laboratory and placed in tanks with 10 litres of water from the field sites at its ambient 
temperature. The heart rate was then measured for up to 12 hours, to ensure that natural 
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Figure 2.10 Heart rate trace for a single crab in beats minute"' against time at rest and 
under stressed conditions, to demonstrate the obvious effect of shaking stress. The crab 
had previously been exposed to 1 mg 1"1 copper and phenanthrene as described in 
section 3.1.3. 
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Figure 2.11 An example trace of mussel heart rate in beats minute-' before and after 
exposure to a mixture of metals (copper, cadmium, zinc and arsenic) at EQS, oo (100 
times their EQS values). 
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circadian rhythms did not confound the results. Periods when the shell is closed where 
filtered out and parametric statistical techniques used for the analysis of the data. 
Mussel heart rate; method validation and evaluation 
The heart rate was monitored for 24 hours in 8 mussels to see if there were any obvious 
endogenous rhythms but, when the shells were open, the hearts beat at a fairly constant 
rate and there was no signs of any internal endogenous rhythms as shown in Figure 2.12. 
The effect of adding contaminants is shown in Figure 2.11. The heart rate obviously 
decreased after the addition of copper and phenanthrene, showing a clear response. The 
use of internal controls in the laboratory experiment is an obvious advantage of the 
technique as it reduces inter-individual variation. As for the crab experiments the 
technique was simple and, after the initial outlay, cheap to use, the technique was 
therefore deemed worthy of further investigation. 
2.2.8. Tisbe battagliai LC-50 
Tisbe battagliai were cultured and supplied by Dr. T. Williams (Zeneca environmental 
laboratory, Brixham, Devon) and so were from a commercial stock. The method used 
was that of Williams et al. (1993). 
Method 
Appropriate dilutions of the water sample to be tested were made, and 5m1 of each 
sample dilution added to 4 wells of a 12 well plate (Sigma). Five T battagliai were 
added using a pipette to each well, via a holding well to minimise 
further sample 
dilution. The plates where kept in a constant temperature room at 20 °C and the number 
of T battagliai surviving counted, using a 
binocular stereomicroscope, after 24,48 and 
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Figure 2.12 An example trace from one mussel of heart rate in beats minute-' during 24 
hours of continuous monitoring. The variance on the other animals tested was similar. 
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96 hours. Graphs of percentage T battagliai surviving were plotted against 
concentration on a logarithmic scale and a curve fitted through the points for the 
different times. The concentration at which 50% of the animals survived, the LC-50, 
was then read off. 
Method validation and evaluation 
To test this technique a 48 hour LC-50 value was calculated using effluent from Chelson 
Meadows landfill site. The effluent was mixed with instant ocean salt to give a salinity 
of 32, serial dilutions, using instant ocean solution at a salinity of 32, were then made. 
As a control the T. battagliai were exposed to both instant ocean and biologically and 
chemically filtered sea water. The effluent was tested at 100%, 10%, 3.2% and I% times 
the initial effluent concentration using both filtered and unfiltered effluent. From the 
graph shown in Figure 2.13 an LC-50 value of 6± 10 % of the initial concentration was 
calculated for filtered effluent. The standard deviation was taken as the mean coefficient 
of variation for all the samples. The results for the unfiltered effluent were very similar. 
As this is the type of test upon which regulatory decisions are made it is an obvious 
choice with which to compare the biomarkers under investigation. It is simple to carry 
out and does not require much expertise or equipment. The error involved was reduced 
with repetition of the assay, the coefficient of variation at each concentration was 
generally around 10 %. The main disadvantage of the technique is the length of time it 
takes to sort the T battagliai into the well chambers. 
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Figure 2.13 Graph plotted on a logarithmic scale to calculate the Tisbe battagliai 48 
hour LC-50 value for Chelson Meadow landfill site leachate. The LC-50 value is the 
value at which 50% of the animals have died i. e. 6% of the initial concentration. 
Concentration is shown as a percentage of the initial leachate concentration. The Data 
points are the mean ± standard deviation of 4 wells, each well containing 5 Tisbe. 
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2.2.9. Microtox® assay 
Sample preparation 
Water samples were kept in the refrigerator and analysed as soon as possible after 
collection, if analysis was more than 48 hours after collection the samples were frozen at 
-20°C. The time between collection and analysis of samples was always minimised. 
Prior to analysis the pH and salinity of each sample was checked to ensure the pH was 
between 6 and 8 and the salinity above 20, outside these ranges pH or salinity effects 
may be observed. Samples with a salinity or pH outside the normal range were analysed 
twice, once with and once without adjusting the pH or salinity. If the sample was not 
marine and had a salinity between 0.1 and 3 either the salinity of the control or of the 
sample were adjusted as described in the Microtox® estuarine protocol (Microbics 
Corporation, 1995). In the marine and estuarine samples sterile sea water was used for 
the control samples and to dilute the test samples. If the samples were murky the colour 
correction procedure described in the Microtox® protocol was followed. 
Microtox® basic protocol 
The hardware required for running the microtox assay consists of a photometer (Model 
500 Analyzer, Microbics Inc., Carlsbad, CA, USA) connected to a computer loaded with 
the Microtox® software. The photometer was on loan to the University of Plymouth 
from the Environment Agency. The photometer consisted of 31 thermostatically 
controlled cells to maintain samples and bacteria in optimum condition as well as a light 
recording cell where readings were taken. The light readings were relayed onto a 
computer containing the appropriate software which used the relative 
light output of 
bacteria in the test samples compared with controls to compute EC-50 values. 
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The procedure used was that laid out in the Microtox® Systems Operating Manuals 
(Microbics Corporation, 1995). The main protocol followed was the acute toxicity 
100% test procedure for marine samples. The bacteria and all the solutions used, apart 
from the sea water, were supplied by Microbics Inc. Freeze dried bacteria were 
reconstituted in Microbics ultra pure water and kept in a cuvette in the temperature 
controlled cell at 15 ° C. The test bacteria were always used within 2 hours of 
reconstitution. The samples to be tested were placed in cuvettes in the thermostatically 
controlled cells and appropriate serial dilutions made. After a5 minute incubation 
period bacteria were added to the sample cells. Recordings were made of the light 
emitted by the bacteria after 5,15 and 30 minutes and the EC-50 calculated. 
Calculation of EC-50 value 
The light before and after the addition of `toxicant' is recorded in terms of Gamma 
Units (GU). For the 100% test procedure a gamma unit is described as the light output 
for the control divided by the light output of the sample minus 1 as shown below. 
GU = Ict -1 
Ist 
Ict - light output of control at time t 
Ist - light output of sample at time t 
The data were expressed in logarithmic form and fitted onto a linear regression graph. 
The EC-50 value was calculated as the concentration of sample which gave a gamma 
unit equal to one. An example of a linear regression graph for a phenol standard is 
shown in Figure 2.14. The extrapolation of the EC-50 value is shown on the graph as 
is 
the error involved, the area covered by the horizontal dashed line. 
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NUMBER CONC. GAMMA GAMMA EST. 
------ --------- 
1 5.6250 
2 11.2500 
3 22.5000 
4 45.0000 
EC50 19.6318 mg/1 
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Figure 2.14 A standard output from the Microtox® system, showing a graph of 
Gamma units against concentration for a phenol standard. Also shown are the values 
from which the graph was constructed and the EC-50 value calculated. The error is 
indicated by the spread of the horizontal dashed line. 
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Method validation and evaluation 
The technique was very simple to use as well as being rapid. Up to 3 water samples can 
be run at one time each run taking about 45 minutes. Unknown samples can also be 
scanned using the comparison test procedure, a quick and easy way to measure the 
toxicity of many samples, up to 25 samples can be scanned at one time. In order to make 
sure that the technique was working correctly and the quality of the bacteria had not in 
any way deteriorated the assay was regularly run using a phenol standard. The EC-50 
value of phenol should lie between 13 and 26 mg 1-1 (Microbics Corporation, 1995). The 
variation of each individual assay can be checked by looking at the slope and 95 % 
confidence intervals of the regression line. The closer the slope is to 1 the greater the 
accuracy of the result, the slope is the correlation coefficient of gamma against the log 
of the concentration. The 95 % confidence interval should also have as narrow a range 
as possible. The coefficient of variation (C. V. ) of the EC-50 values between assays run 
on different days following exposure to the solutions detailed in section 3.1.3 was 
between 14 and 105 % as shown in Table 2.6. Despite the high variation the EC-50 
values obtained were always within one order of magnitude. The higher C. V. s were 
associated with the more toxic solutions, those where the EC-50 values were in µg 1"1 as 
opposed to mg 1-1. The time taken to reach a stable EC-50 value was generally faster for 
organic compounds than metals and so when analysing metal samples the 30 minute 
EC-50 value was used. The EC-50 values obtained were of the same order of magnitude 
as those found in the literature. The increasingly widespread use of Microtox® in 
toxicity assessment makes it a valuable assay with which to compare biomarkers. 
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Microtox 30min EC-50 mean std dev C. V. 
copper & phenanthrene 38 26 14 54 
45 
27 
22 
11 
11 
original mixture 26 42 12 29 
55 
48 
38 
metal mixture 152 149 21 14 
176 
140 
127 
organic mixture 11 15 11 69 
20 
14 
2 
30 
metal & organic mixture 10 17 18 105 
48 
9 
11 
7 
Table 2.6 Microtox TM 30 minute EC-50 results in EQS units (multiples of 
Environmental Quality Standards) after exposure to the different complex mixtures 
described in Table 3.1. 
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2.3. DISCUSSION 
The organisms, Carcinus maenas and Mytilus edulis, were chosen to evaluate 
biomarker responses for a variety of reasons. They both have a wide geographical 
distribution, are commonly available, easily maintained in the laboratory and do not 
require a home office experimental license. They are also of a sufficiently large size to 
provide sufficient tissue for biochemical analyses. Carcinus maenas are bottom dwellers 
that are frequently burrowed in the sediment and so are exposed to contaminants not just 
in the water column but also in the sediment and pore water. Mytilus edulis are filter 
feeders exposed to water borne contaminants. M edulis are frequently used as indicator 
organisms as they accumulate and concentrate chemicals (Phillips and Rainbow, 1993) 
and are widely used in monitoring programmes by regulatory authorities such as MAFF 
(the Ministry of Agriculture Fisheries and Food) (Bayne 1989). 
The biomarker techniques chosen for further investigation into the effects of complex 
mixtures were those that responded best in the preliminary method investigations. In 
judging the assays the: clarity of response, ease of operation, repeatability of results and 
to a lesser extent time and cost were taken into consideration. The majority of the 
techniques tested complied with the discriminatory criteria following preliminary 
experiments, an evaluation of the techniques is given in Table 2.7. Exceptions were 
stress proteins induction as a measurement of general stress and BPMO induction a 
more specific stress response to organic contamination. 
The measurement of stress proteins by immunochemical methods (electrophoresis and 
Western blotting) was rejected for a number of reasons: the initial experiments did not 
reveal a significant difference 
between control and stressed (heat shocked) crabs; the 
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Biomarker Test Clarity of Ease of Repeat Time Overall Running 
animal response assay -ability needed Score cost I£ 
MT crab 1 3 1 4 9 10's 
GST crab 1 3 1 3 8 10's 
hsp crab 4 5 3 5 17 100's 
BPMO crab 5 3 2 3 13 10's 
BFLV crab 3 3 2 2 10 10's 
mussel 2 3 2 2 9 
N. red RT crab 1 2 1 2 6 10 
mussel 1 2 1 2 6 
Heart rate crab 1 1 1 1 4 >10 
mussel 1 1 1 1 4 
Table 2.7 A summary of the different biomarker techniques evaluated. The techniques 
are evaluated according to the different criteria on a scale of 1 to 5, with 1 being the best 
score i. e. clear responses, easy to carry out, little variation between runs and quick and 5 
the worst score i. e. unclear response, a lot of skill required, much variation between runs 
and time consuming. The running cost is judged as being in the ranges >10,10's or 
100's of pounds. 
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technique was time consuming and required a degree of skill and equipment that would 
disqualify it from being widely used as an environmental monitoring tool indicative of 
general stress. The scores for all the evaluation criteria, shown on table 2.7, were high. If 
biomarkers are to be used in environmental management then the non-specific 
indicators of general stress, should be relatively quick and simple to carry out. The more 
time consuming and difficult techniques maybe valid when there is a requirement to 
detect more specific biomarker responses and if simpler methods are not available. The 
spectrofluorometric technique to measure BPMO activity was also rejected as a 
biomarker as, although the method conformed with many of the selection criteria, it did 
not comply with probably the most important criterion clarity of response. The levels of 
fluorescence registered were around the detection limit of the spectrofluorimeter which 
would generate a great potential for error. 
The techniques finally chosen as general stress response measures were; neutral red 
retention time (RT) to detect lysosomal instability; the molecular probe BODIPY-FL- 
Verapamil © (Molecular Probes Inc. Oregon) (BFLV) to detect change in lysosomal 
size and the noninvasive CAPMON system to measure alterations in heart rate. The 
more contaminant specific biomarker responses chosen were metallothionein (MT) 
concentrations as an indicator of metal exposure and glutathione-S-transferase activity 
(GST) as an indicator of organic contaminant exposure. These techniques all gave clear 
responses, were relatively simple to carry out and were repeatable. To assess the 
potential usefulness of these biomarkers in ecotoxicological complex effluent 
monitoring their responses in a series of exposure experiments using increasingly 
complex mixtures were investigated. 
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Chapter 3: Laboratory experiments 
The purpose of the laboratory experiments was to examine the effectiveness of the 
biomarkers chosen from the literature review in the study of complex mixtures. For each 
biomarker it was hoped to: 
" Characterise the biomarker response, if any, that was triggered by given contaminants 
or groups of contaminants. 
" Establish the concentration ranges within which biomarker responses were triggered. 
9 Determine whether a relationship could be established between contaminant 
exposure concentration and biomarker response. 
" Examine what the effects of exposure to a combination of two or more contaminants, 
had on individual biomarker responses. 
" Evaluate the potential of the biomarkers tested for use in the monitoring of complex 
effluents and the environment. 
Four sets of laboratory exposure experiments to investigate the different biomarker 
responses were therefore carried out on the crab, Carcinus maenas, and the mussel, 
Mytilus edulis. These included: (i) exposure to copper, phenanthrene and a combination 
of the two; (ii) an exposure response experiment to different concentrations of the 
copper-phenanthrene mixture; (iii) an exposure response experiment with a more 
complex mixture and finally (iv) an experiment involving exposure to several complex 
mixtures. The results of the biomarker assays used were compared with two toxicity 
tests; a standard LC-50 assay using Tisbe battagliai and the commercially available 
Microtox® assay. 
Copper is a common metal contaminant, and although it is an essential metal it has a 
"window of essentiality", both excess and deficient copper being toxic to living 
123 
organisms (Simkiss & Taylor, 1989). Copper is known to induce a variety of responses 
in the crab Carcinus maenas ranging from the induction of stress proteins to liver 
lesions. The effects of copper on Carcinus maenas has been reviewed by Hebel et al. 
(1997). Excess copper is also known to have similar toxic effects on the mussel Mytilus 
edulis, for example, condition has been shown by Hummell et al. (1997) to be inversely 
correlated to copper concentration. 
Although it is difficult to chose a typical organic compound, phenanthrene is one of the 
more prevalent PAHs in the environment and has been detected in many sites around the 
UK (Law et al., 1997) and elsewhere (Pham et al., 1993; Bouloubassi and Saliot, 1991). 
Few studies on the toxic effects of phenanthrene on crabs and mussels have been carried 
out. Phenanthrene is, however, a known lysosomal membrane destabiliser (Viarengo et 
al. 1987) and has been shown to have cytotoxic effects on Mytilus edulis (Krishnakumar 
et al. 1997). No studies have been carried out on the combined effect of copper and 
phenanthrene on C. maenas or M edulis. The components of the more complex 
experimental mixtures are all common environmental contaminants and known 
toxicants to both Carcinus maenas and Mytilus edulis. 
3.1. MATERIALS AND METHODS 
3.1.1. General experimental procedure 
In all the laboratory experiments a standardised general experimental procedure was 
followed. The test organisms were either the crab Carcinus maenas or the mussel 
Mytilus edulis. All the experiments were carried out in a temperature controlled 
aquarium at 12°C. The animals were kept in constantly aerated glass aquarium tanks 
containing biologically filtered sea water with a salinity of 32. The tanks were all 
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washed with 10 % nitric acid prior to use and two replicate tanks were used for each 
experimental treatment group. The tanks were arranged in a randomised block design on 
two or three shelves of the aquarium. The animals had a 12 hour light, 12 hour dark 
photo regime. The methods for the biomarkers (metallothionein, glutathione-S- 
transferase, lysosomal enlargement, neutral red retention time and heart rate) and 
toxicity tests (Microtox® and Tisbe battagliai LC-50) are all described in detail in 
chapter 2. 
3.1.2. Animals used 
Crabs 
The crabs used in the experiments were green intermolt male Carcinus maenas, with a 
carapace width between 5 and 7 cms. The crabs were caught using baited drop nets on 
the River Yealm, Devon (SX 545 500) or at the mouth of the River Avon, Devon (SX 
665 437) as shown on the map in Figure 3.1. A baited drop net in use at Bantham is 
shown in the picture in Figure 3.2. The crabs were caught as the tide was on the turn, 
either a few hours before high tide or a few hours after. The two sampling sites are 
considered to be relatively clean, with the biological water quality being classified as 
grade A, very good, and the chemical water quality graded A/B, very good/good, at both 
the sites (Environment Agency, 1995). Some contamination due to the presence of 
sewage treatment works or run-off from agricultural land is however likely to have been 
present. The effluent from sewage treatment works at South Brent, a small town with 
less than 10 000 inhabitants, as well as several smaller treatment works flows into the 
River Avon (Environment Agency, 1998). Similarly on the River Yealm there are 
several small sewage treatment works as well as a number of consented private and 
trade discharges (Environment Agency, 1996c). 
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Figure 3.1. A map of the South West of England with the sampling sites marked, a 
map of the whole of the united kingdom is shown in the inset. 
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To acclimatise to aquarium conditions the crabs were kept in large holding tanks, for 48 
to 96 hours, prior to any experimental exposures. Eight crabs were selected randomly 
for each experimental treatment. Each exposure consisted of four crabs in two tanks 
containing 20 litres of biologically filtered sea water. The appropriate contaminants 
were added to the sea water in solution. The solvents without the contaminants, either 
water or acetone, were added to the two control tanks. The water was changed every 
second day and fresh contaminants were added. The sea water was always from the 
same stock source for the duration of any one experiment. On the days that the water 
was not changed the crabs were fed 1 gram of squid. The exposure generally lasted 2 
weeks, the heart rates were monitored after 1 week, lysosomal changes monitored after 
11-13 days and the crabs killed after 14 days and the tissue used for biochemical 
analyses. 
Crab dissection 
The weight of the crab and the width of the dorsal carapace were measured. The crabs 
were bled from the 3`d walking leg if blood was needed for analysis. The crabs were 
killed by the destruction of the thoracic ganglion and then dissected. The gills and 
hepatopancreas were removed and placed in plastic bags before being snap frozen in 
liquid nitrogen. All samples where stored in a -80 °C freezer until biochemical analysis. 
Mussels 
Mussels (Mytilus edulis) between 4 and 5 cm in length were collected at low tide from 
Whitsand Bay, Cornwall (SX 396 520) see Figure 3.1. The beach met with the guideline 
coliform standards (Environment Agency, 1996a) as specified 
in the EEC bathing 
waters directive (76/160/EEC). These are recognised as 
high standards (Kay et al., 
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1990) indicating a low sewage input. As there are no nearby river outflows the mussels 
can be considered to be from a relatively clean environment. Following collection the 
mussels were left in a holding tank to acclimatise for a minimum of 24 and a maximum 
of 72 hours. Twelve mussels were then chosen at random for each tank used in the 
exposure experiments. The water was changed every second or third day and fresh 
contaminants were added as a solution directly to the exposure tanks, the solvents, water 
or acetone, were added to the control tanks as appropriate. The experiments varied in 
length from 3 to 7 days. The mussels were not fed during the experiments. 
Mussel dissection 
The length of each of the mussels was measured before disection. The digestive gland 
and gills were then removed and tissue from 3 mussels pooled in plastic bags. The tissue 
was then snap frozen in liquid nitrogen and stored at -80°C until biochemical analysis. 
3.1.3. Exposure solutions used 
No chemical analyses were carried out of the filtered sea water prior to the addition of 
contaminants and so the exposure concentrations were calculated assuming the sea 
water to be contaminant free. Likewise analyses were not carried out during the 
experimental period but water was changed and fresh contaminants added every second 
day. 
The concentrations of all the different contaminants were based on the UK or EC 
estuarine environmental quality standards (EQS) found in the ENDS report 
(1992), if no 
estuarine EQS value was available the value for sea water was used. 
If the chemical did 
not have an EQS value a token value based on quality standards set 
in other countries or 
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toxic thresholds found in the literature (Jorgensen et al., 1991; Matthiessen et al., 1993; 
Law et al., 1997) was used. EQS values were used as a basis for the exposure 
concentrations of toxicants, as they could be related to concentrations that are legally 
permitted within the environment. The environmental relevance of exposure 
concentrations needed to produce a biomarker effect can easily be visualised using 
multiples of EQS concentrations. The higher the concentration required to produce an 
effect relative to the EQS, the less environmentally relevant the biomarker response. In 
this text the following notation has been used to indicate concentration; 
EQS 1- concentration of contaminants in solution are equal to their EQS value or 
equivalent for each chemical. 
EQSX - concentration of contaminants in solution are equal to x times their EQS 
value or equivalent for each chemical. 
The mixtures of chemicals used in all the different experiments and their equivalent 
concentrations are given in Table 3.1. 
For the metal contaminants used in the experiments, a stock solution of the metal 
chloride or sulphate ions was made up in distilled water (metal weight/volume) and 
appropriate amounts added to biologically filtered sea water in the tanks. Where 
appropriate ammonium chloride was added to the metal stock solution, the 
concentration given is that of the ammonium ion. The organic compounds were 
dissolved in organic solvents and added separately. The phenanthrene was dissolved in 
acetone and the toluene in hexane which was also considered to be a contaminant. The 
control tanks had distilled water and acetone added as appropriate. The solubility of 
phenanthrene in sea water at 22°C is 0.6 +/- 0.1 mg 1-1, most of the phenanthrene should 
remain in solution as it is an involatile 3 ring 
hydrocarbon. Millward (Pers. Comm., 
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Mixture Mixture Chemical Composition 
Number Name 
_.... _.... _.. _. _m_ ____. _........... ___. ___. _......... _... _....... _ ...................................................... .............. .... ___................ _____.. _.. _. _...... _.. __. 1 Copper-Phenanthrene Copper (5), Phenanthrene (5) 
2 Original Mixture Copper (5), Cadmium (2.5) Zinc (40) 
Ammonia, total (40) Engine Oil (5) 
3 Metal Mix Copper (5), Cadmium (2.5), Zinc (40), 
Arsenate (25), 
4 Organic Mix Phenanthrene (5), Toluene(5), Hexane (45), 
Ammonia (40) 
5 Metal and Organic Mix Copper (5), Cadmium (2.5), Toluene(5), 
Hexane (45 
Table 3.1 Composition of the mixtures used in the laboratory exposure experiments. 
The mixtures were made up using concentrations of chemicals in multiples of 
Environmental Quality Standards (EQS) the actual values in µg 1"1 are given next to 
each chemical in brackets. Where no EQS exists estimates where made by looking at 
toxic thresholds found in the literature (Matthiessen et al. 1993, Law et al. 1997). 
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1998) recovered 100% of 0.01 mg 1"1 phenanthrene from an instant ocean solution after 
12 hours. Toluene and hexane have fewer rings and are hence more volatile, loss of 
contaminants from exposures involving these compounds could confound results. 
3.1.4. Statistical analyses of laboratory results 
The data was analysed using the statistical package STATGRAPHICS plus version 2.1 
(Statistical Graphics Corp. ). Where possible the data was analysed using one way 
analysis of variance (ANOVA) to test for differences between the means of the different 
sample groups. The test used to differentiate between groups was the least significant 
difference (LSD) test. This test was used as it is one of the more sensitive and as all the 
experiments were carried out under standardised conditions there should be no 
differences between the treatment groups other than the contaminants added (Sokal and 
Rolfe, 1995). As ANOVA assumes both normality of the data and equal variance 
amongst the treatment groups, the Shapiro-Wilks W statistic and the z scores for 
skewness and kurtosis were used to check for normality and Bartlett's test and 
Cochran's C test were used to test for equal variance. Increasing or decreasing trends in 
the results of laboratory experiments were analysed using simple regression analysis as 
well as multi-variate statistical techniques (see chapter 5 for details). 
Nonparametric statistics 
If the data were not normally distributed then nonparametric statistical techniques such 
as the Kruskal-Wallis test were used. The Kruskal-Wallis test investigates the 
assumption that the medians of treatment groups are equal. Differences 
between 
treatment groups can be visualised using notched box and whisker plots (Sokal and 
Rolfe, 1995). A diagram of a notched box and whisker plot is shown in Figure 3.3. The 
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95 % confidence interval 
about mean 
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Figure 3.3 A labelled diagram of a box and whisker plot. 
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line down the centre (in red) represents the median the notches either side of the median 
(also in red) represents the 95 % confidence interval for the median. The mean is 
represented by a blue cross and the box either side of the mean covers 50% of the data 
points, the sides of the box forming the upper and lower quartiles, the whiskers (in blue) 
either side of the box cover all the points within 1.5 interquartile ranges from the lower 
and upper quartiles. Any points beyond the whiskers, but within 3 interquartile ranges 
from the lower and upper quartiles, are represented by a square and known as suspected 
outliers, any further points i. e. outside 3 interquartile ranges of the upper and lower 
quartiles, are represented by a square with a cross through it, and known as outliers. The 
notches either side of the median in box and whisker plots are used in nonparametric 
statistical analyses to determine whether two groups are significantly different at the 
95% level. If the notches do not overlap then the two groups are considered to be 
statistically significantly different. 
Unequal variance 
If the variance between treatment groups was shown to be unequal the data were 
transformed, generally the log transformation was used, although other transformations 
were also tried. If the variance remained unequal after data transformation then the 
unequal variance was noted and the standard statistical tests (ANOVAs as well as 
nonparametric analyses) were used, ANOVA is relatively robust to departures from 
normality and unequal variance. Nonparametric statistical techniques assume equal 
variance, although not uniform distribution, it is therefore important to be aware of the 
variance when using nonparametric techniques. Unequal variance 
is often a feature of 
ecotoxico logical testing, animals under stress showing a greater variety 
in response than 
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unstressed animals and so it is a common problem when analysing ecotoxicological 
data. 
3.2. LABORATORY EXPERIMENTS 
Exposure to copper and phenanthrene 
The initial series of experiments examined biomarker responses to phenanthrene, copper 
and a mixture of the two. This was done firstly to investigate if the biomarker response 
differed depending on the nature of the contaminant, organic or metal, and secondly to 
determine if combining the two different types of chemical had any effect on the 
response. Both phenanthrene and copper appear on the United States Environmental 
Protection Agency (EPA) priority pollutants list (Phillips and Rainbow, 1993). 
The environmental quality standard (EQS) for copper in sea water has been set at 
5 µg 1-1 (ENDS, 1992). There are no specified "safe" concentrations for phenanthrene in 
the UK, however, the Netherlands has set a maximum permissible concentration of 2 µg 
1-1 and the United States environmental quality criteria is set at 4.6 µg 1-1 (Jorgensen et 
al., 1991), based on these values a token `EQS' value of 5 µg 1"1 was used for 
phenanthrene in the experiments performed. Crabs and mussels were exposed to copper 
and phenanthrene alone and together at high concentrations in the first experiments to 
ensure definite strong biomarker responses, the sensitivity and environmental relevance 
being established in further experiments. Crabs were exposed at either 0.5 or 1 mg 1-1 
(EQSIOO or EQS200) and mussels at 0.05-0.1 mg 1-1 (EQS10 or EQS20). 
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Copper- phenanthrene exposure response experiment 
The purpose of these experiments was to see if exposure to increasing concentrations of 
a copper and phenanthrene mixture would elicit a parallel increase in the biomarker 
response. A change in response is necessary if the relative toxicity is to be evaluated. 
Crabs were exposed to copper and phenanthrene at a range of concentrations from 50 - 
1000 µg 1"1 (EQSIO - EQS200) and mussels from 5- 100 µg 1"1 (EQS1 - EQS20) and the 
biomarker responses compared. 
Complex mixture exposure effect experiment 
Subsequently experiments were carried out to see if a relationship between exposure and 
response could be identified using the selected biomarkers and a more complex mixture, 
containing five components. Each of the chemicals in the mixture were added at the 
same multiples of their EQS (see Table 3.1). 
Multiple mixture assessment experiment. 
The objectives of the final set of experiments were to see: if the degree or type of 
toxicity of five complex mixtures could be assessed by the biomarker and toxicity 
assays and if the assessments of the mixtures that resulted were similar for each of the 
different assays. The responses of three of the mussel biomarkers and the two toxicity 
tests were investigated. Details of the mixtures, which consisted of several metals and 
organic chemicals in order to simulate complex effluents, are shown in Table 3.1. The 
interactive effects between the individual components of the mixture would be difficult 
to predict, especially in sea water, and so a holistic approach is used and the toxicity of 
the whole effluent considered. 
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3.3 RESULTS OF LABORATORY EXPERIMENTS 
3.3.1. Biochemical responses 
Crab metallothionein - copper and phenanthrene exposure 
Both the gill and mid gut gland of the crabs were analysed for metallothionein after 
exposure to copper and phenanthrene individually and in combination. The results are 
shown in Table 3.2. Metallothionein was not induced in the hepatopancreas of crabs 
after exposure to any of the contaminants even though the exposure concentrations were 
relatively high at Img 1"1 (EQS200). In the gill a significant induction in total 
metallothionein was found in the copper and copper-phenanthrene exposed crabs 
compared with both the control and phenanthrene exposed crabs. There were no 
statistical differences between gill metallothionein concentrations in the control and 
phenanthrene exposed animals or between copper and copper-phenanthrene exposed 
animals. There was no correlation between gill and hepatopancreas metallothionein 
concentrations in individual crabs. 
Crab metallothionein - copper-phenanthrene exposure response 
The effect of different exposure concentrations, of a copper-phenanthrene mixture, on 
crab gill metallothionein concentrations are shown on Table 3.2. Metallothionein was 
shown to be significantly induced in crabs exposed to the two highest concentrations of 
copper-phenanthrene (EQS64 and EQS200) compared with the control crabs. A 
significant linear relationship (see Figure 3.4) was observed between metallothionein 
induction and exposure concentration at the 5% level but the low correlation coefficient 
of 0.48 suggests the relationship is not strong. The gill metallothionein concentrations 
in 
the control and EQS20 exposure crabs were the same as were the gill metallothionein 
concentrations in the EQS64 and EQS200 exposure crabs, 
it is therefore possible that the 
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Exposure Concentration n Midgut MT n Gill MT 
Control ................. 8 
_... _..... _.... __...... 
300±61 7 59±17 
Cu EQS200 5 281±85 5 99±29** 
Phen EQS200 8 262±71 7 46±13 
Cu-Phen EQS200 5 242±38 5 85±29* 
Control 7 55±17 
Cu-Phen EQS20 6 53±9 
Cu-Phen EQS64 6 81±24* 
Cu-Phen EQS200 4 80±15* 
Control 7 322±64 8 27±12 
Orig Mix EQS1 8 360±170 
Orig Mix EQSjo 8 276±43 7 40±17 
Orig Mix EQS32 8 46±15 
Ori Mix EQSIOO 8 353±41 8 84±28** 
Table 3.2 Mean metallothionein (MT) concentrations (in µg g-1 wet weight) in midgut 
gland and gill of crabs ± the standard deviation, after exposure to copper and 
phenanthrene, individually and in combination, and to the original mixture of chemicals. 
Cu, copper; Phen, phenanthrene; Orig Mix, original mixture; EQSX, x is the exposure 
concentration; n, number of animals used for statistical tests; significant difference from 
the control values, * p<O. 05, ** p< 0.01. 
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Figure 3.4 The relationship between mean gill metallothionein (MT) concentration (in 
µg g-' wet weight) and exposure concentration (as multiples of EQS) of crabs to the 
copper-phenanthrene mixture. The error bars are the standard deviation. The equation of 
the line is: MT = 58 + 0.0284 (exposure conc. ); r2,23%; correlation coefficient, 0.48; 
SE (standard error) of the intercept = 5.09; SE of the slope = 0.011; 
significance, p<0.05. 
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relationship is non-linear or that a trigger concentration exists at which a response is 
initiated. 
Crab metallothionein - original mixture exposure 
The concentrations of metallothionein after exposing crabs to the original complex 
mixture for two weeks are also given in Table 3.2. No difference was observed in mid 
gut gland metallothionein concentrations of crabs following exposure to different 
concentrations of the original mixture. There was however a significant induction of 
metallothionein in the gill of crabs exposed to the highest concentration of the mixture. 
The actual concentration of gill metallothionein in control crabs in this exposure 
experiment was lower than in the previous two although the metallothionein 
concentrations in crabs at the higher exposure concentrations were similar in all three 
experiments. 
As in the copper and phenanthrene exposure experiment a linear relationship between 
the mixture and gill metallothionein concentrations was observed, this time however it 
was more convincing. An increasing statistically significant trend (p< 0.001) in 
metallothionein concentrations was observed in the gill tissue as shown in Figure 3.5. 
The correlation coefficient between exposure and metallothionein concentration was 
0.76 indicating a moderately strong relationship between the two. 
Mussel metallothionein - copper and phenanthrene exposure 
Samples from the digestive gland of mussels were analysed following three days 
exposure to copper, phenanthrene and a copper-phenanthrene mixture. No difference 
between any of the groups was observed, see Table 3.3 for the actual values. 
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Figure 3.5 The increasing linear relationship between mean gill metallothionein (MT) 
concentration (in µg g"1 wet weight) and exposure concentration (in multiples of EQSs) 
of the crabs to the original mixture. The equation of the line is: 
MT = 30 + 0.543(exposure conc. ); r2,58%; correlation coefficient, 0.76; SE (standard 
error) of the intercept = 4.58; SE of the slope = 0.086; significance, p<0.001. 
141 
Exposure n Metallothionein 
Control 7 165±14 
Copper 7 193±57 
Phenanthrene 5 150±14 
Co er-Phenanthrene 5 160±62 
Table 3.3 Mean mussel metallothionein concentrations (in µg g-1 wet weight) in 
digestive gland ± the standard deviation, following 3 days exposure to copper, 
phenanthrene and a mixture of the two at EQS10 (50 µg 1"1). 
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Crab GST activity - original mixture exposure 
The activities of the glutathione-S-transferase enzyme in the gill of crab, following a 
two week exposure to different concentrations of the original complex mixture are 
shown on Table 3.4. The control GST activity is significantly higher than the activities 
in all the treatment groups. There is also a significant difference between the EQSIO and 
the EQSIOO exposures. The clearly decreasing trend in GST activity with the logio of the 
exposure concentration is shown in Figure 3.6. There is a significant linear relationship 
(p<0.001), with a correlation coefficient of -0.77, between the two suggesting a 
relatively strong inverse relationship. 
3.3.2. Cellular Responses 
The results of the experiments measuring lysosomal stability, by the neutral red 
retention time assay, and lysosomal enlargement, using the fluorescent probe BO-DIPY- 
FL verapamil© (BFLV), were all analysed using non-parametric statistical techniques, 
as the data are not normally distributed. The Kruskal-Wallis test together with median 
notch box and whisker plots were used to analyse and display the data as described in 
section 3.1.4. 
Crab neutral red retention time - original mixture exposure 
The neutral red retention time was measured in crab haemocytes after the crabs had been 
exposed to various concentrations of the complex mixture for 12 days. The results are 
given in Table 3.5. All the exposure groups had a statistically significant lower median 
neutral red retention time than the control group. No trend was observed 
between 
exposure and effect, nor were there any differences between the median retention times 
in any of the exposure groups. 
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Exposure n GST 
Control 7 0.217±0.045 
EQSIO 6 0.169±0.032* 
EQS32 7 0.128±0.044** 
EQS200 8 0.107±0.024** 
Table 3.4 Mean glutathione-S-transferase (GST) activity (in µmols min-1 mg-1 protein) 
± standard deviation, after exposure to different concentrations (EQSX) of the original 
complex mixture. significance, * p<0.05; ** p< 0.01; n, number of animals used for 
statistical tests. 
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Figure 3.6 The decreasing linear relationship between gill glutathione-S-transferase 
(GST) activity (in µ mol min 1 mg-1 protein) and the exposure concentration of crabs to 
the original mixture (in multiples of EQS) plotted on a logarithmic scale. 
The equation of the line is, GST = 0.220 - 0.0244 log(exposure conc+l ); SE (standard 
error) of the intercept = 0.012; SE of the slope = 0.0039; r2,60%; 
correlation coefficient, 0.77; significance, p<0.001. 
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Exposure n Retention Time 
Control 7 60 (30,120) 
EQSIO 8 30 (15,45)** 
EQS32 7 30 (15,60)* 
EQS, oo 8 15 (0,30)** 
Table 3.5 The median neutral red retention time (in minutes the maximum and 
minimum values shown in brackets) in crab haemolymph following exposure to 
different concentrations of the original mixture. EQSX, the exposure concentration; 
significance, * p<0.05, ** p<0.01; n, number of animals used for statistical tests. 
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Crab lysosomal enlargement - copper and phenanthrene exposure 
The lysosomal response was measured using the molecular probe BFLV the results are 
shown as box and whisker plots in Figure 3.7. An increase in lysosomal size in 
haemocytes from crabs exposed to copper as well as copper and phenanthrene compared 
with haemocytes from control animals was observed. The increase was however only 
statistically significant in the copper and phenanthrene exposure group. There was no 
statistically significant differences between the phenanthrene exposed animals and 
controls or any of the other treatment groups. 
Crab lysosomal enlargement - copper-phenanthrene exposure response 
Crab lysosomal enlargement does not appear to be very sensitive as a biomarker to 
copper-phenanthrene exposure as the results in Figure 3.8 show. There was a significant 
increase in lysosomal area at EQS200 (1 mg 1"1), the highest exposure concentration, 
compared with controls, while the animals exposed at EQS20 (100 µg 1 "1) had 
significantly smaller lysosomes than the control crabs. 
Crab lysosomal enlargement - original mixture exposure 
The effect of the original mixture on crab haemocyte lysosomal area was investigated 
using two concentration ranges; a "low" range (EQS1, EQSjo, EQSioo) and an 
environmentally unrealistic "high" range (EQStoo, EQS20o, EQS400) to which animals 
were exposed for 10 and 5 days respectively. The "high" range exposure was carried out 
to see if it was at all possible to generate an effect. In the low range experiment (see 
Figure 3.9) there was no difference between the control, EQS1 and EQSIO exposures. 
There was a significant increase in haemocyte lysosomal area in the crabs exposed to the 
original mixture at EQS100 compared with the EQS10 exposure and control crabs. There 
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Figure 3.7 The log of crab haemocyte lysosomal area (in arbitrary units) after exposure 
to 1 mg 1-1 (EQS200) copper and phenanthrene alone and in combination. Con, control; 
Cu, copper; Phen, phenanthrene; Cu & Phen, copper and phenanthrene. 
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Figure 3.8 Mean crab log lysosomal area (in arbitrary units) after different exposure 
concentrations (in multiples of EQS) to a copper-phenanthrene mixture. Con, control; 
20, EQS20 (100 µg 1"1) copper-phenanthrene; 64, EQS64 (320 µg 1-1) copper- 
phenanthrene; 200, EQS200 (1 mg 1-1) copper-phenanthrene. 
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Figure 3.9 Mean crab log lysosomal area (in arbitrary units) after different low 
exposure concentrations to the original mixture (in multiples of EQS). Con, controls. 
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was no difference in haemocyte lysosomal area between the EQSjoo and the EQS1 
exposure groups. Overall a clear picture did not emerge with no obvious relationship 
between response and exposure in the lower concentration range. 
In the exposure experiment to the higher, and less environmentally relevant, range (see 
Figure 3.10) there appeared to be a linear relationship between increasing lysosomal 
area and exposure concentration which tailed off at the highest concentration. There was 
a decrease in lysosomal size, although not a significant one, after exposure to the 
mixture at EQS400 relative to the EQS200 exposure. 
Mussels neutral red retention time - copper and phenanthrene exposure 
The exposure of mussels to copper and phenanthrene alone and as a mixture was carried 
out twice, the results of both experiments are shown in Table 3.6. Initially neutral red 
retention time was measured after 3 days, even though the concentrations were relatively 
high for mussels (EQS40 and EQS60 respectively) only the mussels exposed to copper 
alone responded with a significantly reduced retention time. After 7 days exposure at 
these concentrations there was a significant decrease in retention time in all exposure 
groups compared with controls. Similarly in the seven day exposure experiment to 
copper and phenanthrene at the lower exposure concentration of EQSIO the retention 
time was reduced in all groups compared with controls. There were no significant 
differences amongst exposure groups in either experiment. 
Mussels neutral red retention time - copper-phenanthrene exposure response 
The neutral red retention times after exposure to different concentrations of the copper- 
phenanthrene mixture are given in Table 3.7. Exposure to the copper-phenanthrene 
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Figure 3.10 Mean crab log lysosomal area (in arbitrary units) after different high 
exposures (in multiples of EQS) to the original mixture. Con, controls. 
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Exposure n Expt 1 
3days) 
n Expt 1 
Idas 
n Expt 2 
Ida S) 
Control 9 150 (60,150) 9 150 (60,150) 10 90 (45,150) 
Phenanthrene 10 150 (90,150) 10 75 (15,120)* 10 15 (0,45)** 
Copper 10 45 (15,90)** 6 30 (0,90)** 10 30 (15,60)** 
Copper- 9 120(0,150) 2 45 (30,60)** 10 30 (0,45)** 
henanthrene (most died) 
Table 3.6 The median neutral red retention time (in minutes the maximum and 
minimum values given in brackets) in mussel haemolymph following exposure to 
copper and phenanthrene individually and in combination. The exposure concentrations 
were 200 pg 1-1 (EQS40) copper and 300 µg 1"1 (EQS60) phenanthrene in experiment 1 
(Expt 1) and 50 µg 1"1 (EQS1o) of both copper and phenanthrene in experiment 2 (Expt 
2). The exposure period is given in brackets in the first row; n, number of animals used 
for statistical tests; significance, * p< 0.05, ** p< 0.01. 
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Exposure Concentration n Retention Time 
Control 11 90(45,150) 
Cu-Phen EQS2 11 90 (30,150) 
Cu-Phen EQS4 10 37.5 (0,45)** 
Cu-Phen EQS10 10 22.5(0,45)** 
Control 10 105 (45,150) 
Orig Mix EQS1 8 60 (15,90)** 
Orig Mix EQS5 9 45 (15,90)** 
Orig Mix EQS10 10 42 (15,90)** 
Table 3.7 Median mussel haemolymph neutral red retention time in minutes (the 
maximum and minimum values are shown in brackets) after exposure to different 
concentrations of a copper-phenanthrene mixture for 7 days and to the original mixture 
for 3 days. n, number of animals used for statistical tests; Cu-Phen, copper-phenanthrene 
mixture; Orig Mix, original mixture; EQSX, the exposure concentration; 
significance, ** p< 0.01. 
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mixture at EQS4 and EQS10 both caused a significant reduction in retention time but 
exposure to the lowest concentration used, EQS2, did not. There was no significant 
difference between the retention times of the EQS4 and EQS10 exposure groups. This 
shows that the technique is sensitive but does not, in this instance, appear to show a 
gradual exposure response relationship. 
Mussel neutral red retention time - original mixture exposure 
Following exposure to the complex mixture for three days a significant decrease in 
retention time was observed in all the exposure groups (see Table 3.7). Again no 
relationship between exposure concentration and effect was established. 
Mussel lysosomal size - original mixture exposure 
Mussels were exposed to EQS1, EQS5 and EQS10 of the original mixture for 7 days and 
the size of the lysosomes in the haemocyteswere measured using the fluorescent 
molecular probe BFLV. The frequency of the larger lysosomes at the different exposures 
are displayed on a graph in Figure 3.11. Large lysosomes were much more prevalent in 
exposed animals compared with controls. There was a steady increase in lysosomal size 
going from the control to the EQS5 exposure group. At the highest exposure 
concentration, EQS 1 o, there was a slight, but nevertheless significant, decrease in the 
number of large lysosomes compared with the second highest concentration, EQS5. This 
is not altogether obvious from the frequency graph but was detected following non- 
parametric statistical analysis, using the Mann-Whitney (Wilcoxon) W test on pairs of 
treatments to compare medians and the Kruskal Wallis test. 
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Figure 3.11 The frequency distribution of lysosomal area (in arbitrary units) in mussel 
haemolyrnph following 5 days exposure to different concentrations of the original 
mixture. 
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3.3.3 Physiological responses 
Crab heart rate - copper and phenanthrene exposure 
Table 3.8 shows the effect of a one week exposure to copper and phenanthrene on the 
heart rate (in beats minute"') of the crab Carcinus maenas, under rest as well as under 
stressed conditions. The exposure concentrations used were high, 1 mg 1-1 (EQS200), 
compared with the concentrations used in the other assays, but the object of this 
experiment was to ensure that an effect could be observed, later experiments would 
hope to obtain an indication as to the sensitivity of the assay. Crabs exposed to copper 
and copper-phenanthrene both had significantly increased (p<0.01) rest heart rates 
compared with controls. There was no difference in the rest heart rates of phenanthrene 
exposed and control crabs. The rest heart rate after exposure to copper was slower (but 
not significantly so) than the rest heart rate after exposure to copper-phenanthrene. 
When the animals were stressed there was a significant increase in heart rate, compared 
with the unstressed heart rate, within all treatment groups. The copper exposed crabs 
had significantly higher stressed heart rate than the control crabs (p<0.05), but there 
were no other differences amongst treatments. 
Crab heart rate - copper-phenanthrene exposure response 
After a weeks exposure to different concentrations of copper and phenanthrene a linear 
relationship was obtained between heart rate and exposure concentration as shown in 
Figure 3.12. The actual values are shown in Table 3.8. At rest a significant increase in 
heart rate was observed for the two highest concentrations tested compared with 
controls, although they were not significantly different from each other. Linear 
regression analysis showed that there was a statistically significant (p<0.01) increasing 
trend, going from the control to the highest exposure group. The correlation coefficient 
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Exposure Concentration n Rest heart rate n Stressed heart rate_ 
Control 8 31±9 8 79±15 
Phenanthrene EQS200 8 36±14 8 80±15 
Copper EQS200 8 66±16** 8 102±23** 
Cu-Phen EQS200 8 74±12** 8 91±9 
Control 7 28±11 7 82±20 
Cu-Phen EQS20 7 42±15 7 74±17 
Cu-Phen EQS64 7 57±17** 7 82±15 
Cu-Phen- EQS200 6 61±11** 4 84±13 
Control 8 26±16 
Orig Mix EQSjo 7 50±21 
Orig Mix EQS32 8 51±14* 
Ori Mix EQSjoo 7 79±19** 
Table 3.8 Crab heart rate (in beats minute"') at rest and under stressed (shaking stress) 
conditions after a weeks exposure to copper and phenanthrene, individually and in 
combination, and to different concentrations of the copper-phenanthrene and original 
mixtures. Cu-Phen, copper-phenanthrene mixture; Orig Mix, original mixture; 
EQSX, exposure concentration; n- number of animals used in statistical tests; 
significance, * p< 0.05, ** p< 0.01. 
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Figure 3.12 Mean and standard deviation in crab heart rate (in beats minute"'), at rest 
and under stressed conditions, against the exposure concentrations to a copper- 
phenanthrene mixture (in multiples of EQS) plotted on a logarithmic scale. The equation 
of the linear regression line for crab rest heart rate against logio of the exposure 
concentration is: y= 27 + 17 logio (exposure conc. +1); r2,49%; correlation coefficient, 
0.70; significance, p<0.001. 
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was 0.70, indicating a moderately strong relationship between exposure concentration 
and rest heart rate. Under stressed conditions no differences in heart rate were observed 
between any of the treatment groups, nor were any trends observed. 
Crab heart rate - original mixture exposure 
The heart rate following the crab's exposure to different concentrations of the original 
mixture for a week are also shown on Table 3.8. The heart rate was significantly 
elevated compared with controls at the EQS32 and the EQSloo exposure concentrations 
at EQS10 the heart rate was higher than the control heart rates but not significantly so. 
There was also a statistically significant increase in heart rate between the EQS32 and 
the EQSIOO exposure concentrations. The statistically significant (p<0.01) relationship 
between loglo exposure concentration and heart rate is shown on the graph in Figure 
3.13. The correlation coefficient between the log of the exposure concentration and the 
heart rate is 0.67, which indicates a moderately strong relationship between the two. The 
heart rate was only measured under rest conditions as the stressing effect was shown to 
be less discriminatory in the previous exposure experiments. 
Change in mussel heart rate - copper-phenanthrene exposure response. 
The mean percentage change in mussels heart rate as well as the initial and final heart 
rates following exposure to a copper-phenanthrene mixture is given in Table 3.9. A 
significant decrease in heart rate after exposure to copper and phenanthrene was 
observed at EQ S 100 (500 µg 1-1), but no changes were detected at the lower concentration 
of EQSIO (50 µg 1-'). 
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Figure 3.13 Mean and standard deviation in crab heart rates plotted against the log of 
the exposure concentration to the original mixture (in multiples of EQS). The equation 
of the linear regression line for the rest heart rate of the crabs against the loglo of the 
exposure is y= 27.6 + 17.5 logio(exposure conc. +1); r2,43%; correlation coefficient, 
0.66; significance, p<0.001. 
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Exposure Concentration Initial Final Percentage 
n heart rate heart rate Change 
Control 14 26±4 24±4 - 8±7 
Cu-Phen EQS, o 8 30±5 29±2 - 2±11 
Cu-Phen EQS, oo 7 27±4 5±4** 79±17** 
Control 14 26±4 24±4 - 6±7 
Orig Mix EQS1 6 27±3 22±5 - 16±12 
Orig Mix EQS5 7 20±2 26±3 + 31±10** 
Orig Mix EQSjo 10 21±5 17±8** - 15±33 
Ori Mix EQSIoo 8 23±6 3 67±25** 
Table 3.9 The mean and standard deviation in mussel heart rate (in beats minute"') 
before and after exposure to different concentrations of copper and phenanthrene and 
the original mixture. The percentage change in heart rate (calculated as: (final heart 
rate- initial heart rate) / initial heart rate x 100%) is also shown. Cu-Phen, copper- 
phenanthrene mixture; Orig Mix, original mixture; EQS,, exposure concentration; 
significance, * p<0.05 ** p<0.01. 
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Mussel heart rate after exposure to the original mixture. 
The change in mussel heart rate after exposure to the original mixture is shown on Table 
3.9. The percentage change in heart rate is significantly decreased at a concentration of 
EQSIOO and significantly increased at EQS5. The mean mussel heart rate is generally 
between 20 and 30 beats per minute. The pre and post exposure heart rates in the EQS5 
treatment group both fall within this range. So although there is a significant increase in 
the change in heart rate at EQS5 it may not necessarily be caused by the toxicant and is 
more likely to be an artefact of the experiment. The post-exposure heart rates in the 
EQSIO group are significantly less than the controls. This decrease is not far outside the 
normal range and although significantly different to the controls it is not significantly 
different to the pre exposure heart rate in the EQS10 group and therefore is unlikely to be 
due to the toxicants. The decrease in heart rate at EQSIOO does fall outside the normal 
heart rate range and as there is a statistically significant difference between the initial 
and final heart rates the decrease can be attributed to the effect of the mixture. The effect 
concentration after exposure to a complex mixture therefore appeared to be EQSIOo, as 
in the copper-phenanthrene exposure. 
3.3.4 Toxicity test results 
Microtox® - copper and phenanthrene exposure 
The results of exposing the marine luminescent bacteria, Vibriofischeri, to copper and 
phenanthrene in the Microtox® assay are shown in Table 3.10 and displayed graphically 
in Figure 3.14. The EC-50 value (concentration required for a 50% reduction in the 
amount of light emitted) is shown after 5,15 and 30 minutes. The results show that the 
toxicity of the copper to the bacterium increases with time, the 5 minute 
EC-50 is higher 
(i. e. less toxic) than the 30 minute EC-50. No 
delay in the phenanthrene exposure 
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Contaminant 
n 
EC-50 
5 minute 15 minute 30 minute 
Phenanthrene 3 146±21 149±6 176±7 
(728±107) (747±30) (881±37) 
Copper 3 136±35 68±6 51±9 
(678±176) (340±27) (257±45) 
Copper-Phenanthrene 6 43±34 28±16 26±14 
(216±170) (144±80) (128±70) 
Original mixture 5 270±55 112 ±65 42±12 
Table 3.10 Mean and standard deviation EC-50 values (in multiples of EQS with the 
actual concentrations of copper and phenanthrene in µg 1-1 given in brackets) after 
exposing the Microtox® luminescent bacteria Vibriofischeri to copper, phenanthrene, 
the copper-phenanthrene and original mixtures. n, number of replicate experiments. 
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Figure 3.14 MicrotoxTM 5,15 and 30 minute EC-50s (as multiples of EQS) after 
exposure to copper, phenanthrene, the copper-phenanthrene and original mixtures. Phen, 
phenanthrene; Cu, copper; Cu-Phen, copper-phenanthrene mixture; Orig, original 
mixture. 
165 
response time was observed. The 15 minute EC-50 value due to copper exposure was 
around half the 5 minute EC-50 value (p<0.01), the 30 minute EC-50 less again, but not 
significantly so. The same was true for the combined exposure of copper and 
phenanthrene the 5 minute EC-50 was greater than the 15 and 30 minute EC-50 values, 
although the difference was not significant. The acetone, was shown to have no toxic 
effect (EC-50 > 100%) at the exposure concentrations used when acting as a solvent for 
the phenanthrene (200 µ1l-1). 
Although after 5 minute the EC-50 values for copper and phenanthrene were 
comparable, the toxicity of copper to the bacteria increased with time whilst the toxicity 
of the phenanthrene remained the same, there was a significant difference between their 
15 and 30 minute EC-50 values. The 5,15 and 30 minute EC-50 values of the copper- 
phenanthrene mixture were significantly lower than equivalent EC-50 values for the 
individual chemicals (p<0.01). 
Microtox® - original mixture exposure 
The Microtox® assay required high exposure concentrations of the original mixture in 
order for an effect to be observed (see Table 3.10). As with the copper and the copper- 
phenanthrene mixture exposures, the EC-50 values decreased with time, the 5 minute 
being higher than the 15 and 30 minute EC-50 values. 
Tisbe battagliai LC-50 - copper and phenanthrene exposure 
The result of the exposure of the marine copepod Tisbe 
battagliai to copper and 
phenanthrene for 24,48 and 96 hours are shown 
in Table 3.11. The T. battagliai were 
much more sensitive to the contaminants than the 
bacteria used in the Microtox® assay. 
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Exposure LC-50 
24 hour 48 hour 96 hour 
Phenanthrene 70±10 15±3 10±3 
(350±50) (75±15) (50±15) 
Copper 32±4 6±2 2±1 
(160±20) (30±10) (10±5) 
Copper-Phenanthrene 12±4 4±1 2±1 
(60±20) (20±5) (10±5) 
Original mixture 4±2 >1±1 >1 
Table 3.11 The mean and standard deviation Tisbe battagliai 24,48 and 96 hour LC-50 
values (as multiples of EQS with the concentrations in µg 1"1 shown in brackets) after 
exposure to phenanthrene, copper, the copper-phenanthrene and original mixtures. 
n=4. 
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The toxic effect of the contaminants on the T battagliai increased with time, the 24 
hour LC-50 being higher than the 48 hour LC-50. Phenanthrene was the least toxic of 
the contaminant groups at all times, followed by copper, and then the copper- 
phenanthrene mixture. The effect of mixing copper and phenanthrene appeared to be 
additive after 24 hours, the toxicity of each individually was less than the toxicity of the 
two combined. After 48 hours the difference in toxicity between copper and copper- 
phenanthrene was not significant and after 96 hours there was no difference in toxicity 
to T battagliai. Acetone was not toxic to the T battagliai at the exposure 
concentrations (200 µl 1"1) used when acting as a solvent for phenanthrene. The 
concentrations used were well below the LC-50 value to the species of 6.2 ml 1"1 and the 
No Observable Effect Concentration (NOEC) of 3.3 ml 1-1 (Thain and Kirby, 1996). 
Tisbe battagliai LC-50 - original mixture exposure 
The original mixture was more toxic to the T. battagliai than the copper-phenanthrene 
mixture. As in the previous exposures its toxicity increased with time, the 24 hour LC- 
50 was significantly higher than the 48 hour LC-50 (see Table 3.11). 
3.3.5 Multiple mixture assessment experiment 
Mussel neutral red retention time 
All the mixtures had a significant effect on mussel haemocytesneutral red retention time 
at a concentration of EQSIO (see Table 3.12). The retention time was reduced in mussels 
from all the exposure groups compared with controls (P<0.001). The assay however did 
not enable the mixtures to be distinguished in any way as all the reduced retention times 
were similar. 
168 
Exposure n Retention time 
Control 10 90 (45,120) 
1: Copper-Phenanthrene 10 45 (30,60)** 
2: Original Mixture 10 30 (0,60)** 
3: Metal Mixture 10 30 (15,45)** 
4: Organic Mixture 10 30 (15,60)** 
5: Metal and Or anic Mixture 10 30 (0,45)** 
Table 3.12 The median mussel haemolymph neutral red retention time (in minutes with 
the maximum and minimum values shown in brackets) after 5 days exposure to 5 
different complex mixtures at a concentration of EQS10. n, number of mussels used in 
statistical tests; significance, **p<0.01. 
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Mussel lysosomal enlargement 
The results obtained using image analysis and the fluorescent probe BFLV to study the 
change in lysosomal size in mussel haemolymph, after a three day exposure to a group 
of mixtures at a concentration of EQS10, are shown in Figure 3.15. A statistically 
significant increase was observed (p<0.01) in loglo haemocytes lysosomal size between 
the controls and all of the exposure groups apart from the mussels exposed the organic 
mixture (4). The organic exposure group (4) lysosomal size was not statistically 
different from the controls or the original mix (2), metal mix (3), metal and organic mix 
(5). The copper-phenanthrene mixture showed a statistically significant increase in 
lysosomal size in comparison with the original mix (2), metal mix (3) and the organic 
mix (4), it was however not statistically different from the organic and metal mixture 
(5). 
Mussel heart rate 
The mussel heart rates before and immediately after exposure to the 5 different complex 
mixtures at a concentration of EQSIOO as well as the percentage change in heart rate is 
given in Table 3.13. All the exposure groups apart from the organic mixture showed a 
significant reduction in heart rate after exposure to the complex mixtures. The mussels 
that were exposed to the organic mixture had no difference in heart rate pre and post 
exposure. Within the four groups where the heart rate decreased the greatest reduction 
was observed in the group exposed to the metal mixture. The heart rate in mussels 
following exposure to the metal mixture (3) was significantly lower (p < 0.05) than 
following original mixture (2) and organic and metal mixture (5) exposure. There was 
no difference in heart rate after exposure to the metal mixture (3) and the copper- 
phenanthrene mixture (1). 
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Figure 3.15 A box and whisker plot of the log mussel haemolymph lysosomal area (in 
arbitrary units) after a three day exposure at a concentration of EQSIO to five different 
complex mixtures. Con, Control; 1, Copper & Phenanthrene; 2, Original Mixture; 3, 
Metal Mixture; 4, Organic Mixture; 5, Metal and Organic Mixture; n=6. 
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Exposure Initial Final Percentage 
n Heart rate Heart rate Chan e 
Control 8 23±2 22±2 _5±8 
1: Copper-Phenanthrene 7 26±3 5±4** - 79±17** 
2: Original Mixture 7 23±4 7±3** - 66±25** 
3: Metal Mixture 7 25±5 2±2** - 93±8** 
4: Organic Mixture 6 22±2 22±4 - 5±15 
5: Metal and Organic Mixture 8 23±4 8±3** - 64±19* 
Table 3.13 Mean and standard deviation of the initial pre-exposure and the final post- 
exposure heart rates as well as the percentage change in heart rate (calculated from: 
(final heart rate- initial heart rate)/initial heart rate x 100%) after the addition of five 
different complex mixtures at EQ S 100. significance, ** p<0.01. 
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Tisbe battagliai LC-50 
The 24 and 48 hour LC-50 values for T battagliai are shown in Table 3.14. The best 
toxicity ranking was obtained after 24 hours. The original (2) and the metal (3) mixture, 
were significantly (p<0.01) more toxic than, the copper-phenanthrene mixture (1) and 
the metal and organic mixture (5), which in turn were significantly more toxic than, the 
organic mixture (4). There was no significant difference in mortality between the T 
battagliai exposed to the organic mixture (4) and controls, exposed to filtered sea water 
and instant ocean. After 48 hours all the mixtures appeared to be equally toxic to the T 
battagliai, apart from the organic mixture (4), were no toxic effect was observed. There 
was no statistical differences between any of the other four mixtures (1,2,3 and 5) after 
48 hours. 
Microtox® 
In contrast to the Tisbe battagliai assay, the Microtox® assay was more sensitive to 
those mixtures rich in organics than those containing metals. High concentrations 
(>EQS1oo) of the metal containing mixtures were required to induce a toxic effect. The 
results are shown in Table 3.15. The 30 minute EC-50 values for the original (2) and 
metal (3) mixtures were considerably lower than the 5 minute EC-50 values in contrast 
the 5 and 30 minute EC-50 values for mixtures 1,4 and 5 are very similar. The 30 
minute EC-50 values also showed much less intra-laboratory variation and so these were 
used to compare the relative toxicities of the mixtures. The least toxic of the five 
mixtures to the luminescent bacteria was the metal mixture (3) for which the 30 minute 
EC-50 value was significantly higher (p<0.01) than all the other mixtures. The original 
mixture (2) had a significantly higher (p<0.05) EC-50 than the organic and metal and 
organic mixtures. There were no significant differences between the other 3 mixtures. 
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Exposure Tisbe battagliai LC-50 
24 Hour 48 Hour 
1: Copper-Phenanthrene 8±2** 2±2** 
2: Original Mixture 4±2** 2±1** 
3: Metal Mixture 5±2** 2±2** 
4: Organic Mixture >100 >100 
5: Metal and Organic Mixture 10±3** 3±2** 
Table 3.14 Mean and standard deviation in LC-50 values (in multiples of EQS) in the 
Tisbe battagliai assay after exposure to five different complex mixtures. significance, 
** p<0.01; n=4. 
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Exposure 
n 
EC-50 
5min n 15 min n 30 min 
1: Copper-Phenanthrene 6 43±34 6 29±16 6 26±14 
2: Original Mixture 3 270±54 4 111±64 5 54±29 
3: Metal Mixture 1 850±0 4 372±103 5 147±19 
4: Organic Mixture 5 11±7 5 11±7 5 15±11 
5: Metal and Organic, Mixture 5 20±21 5 21±19 5 17±17 
Table 3.15 Mean and standard deviation EC-50 values (as multiples of EQS) from the 
Microtox® assay after exposure to five different complex mixtures. n, number of times 
the assay was repeated using a separate batch of bacteria, each assay was always run in 
duplicate for any one batch of bacteria. 
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3.4 DISCUSSION 
3.4.1. Biochemical biomarkers 
Crab Metallothionein 
Metallothionein was induced in crab gill tissue following exposure to copper and the 
two metal containing mixtures but phenanthrene did not have any effect. These results 
suggest that metallothionein induction in crabs may be useful as an indicator of metal 
exposure. No induction of metallothionein was detected in crab mid gut gland after any 
of the exposure experiments, although actual concentrations in mid gut gland were 
higher. The preferential induction of metallothionein in gills as opposed to mid gut 
gland after short term laboratory exposure experiments may be because the gills are in 
greater contact with the contamination medium, the water, than the mid gut gland. 
The gill metallothionein concentrations in control crabs were lower in the original 
mixture exposure experiment than in the other two. This could possibly be attributed to 
seasonal effects as the copper and phenanthrene exposure experiment was carried out in 
March; the copper-phenanthrene exposure response experiment in May and the original 
mixture exposure in July. Seasonal variations in metallothionein concentrations have 
been shown to occur: in fish by Olsson et al. (1987,1996) and Overnell et al. (1988); 
and in mussels by Viarengo et al. (1997); it is therefore likely that seasonal effects may 
also affect metallothionein concentrations in crabs. 
In the initial exposure experiment to copper and phenanthrene no interactive effects 
were observed in crabs exposed to both chemicals simultaneously. The increase in 
metallothionein concentrations observed after copper and phenanthrene exposure was 
similar to those observed after exposure to copper alone. No similar investigations into 
176 
the combined effect of a metal and an organic contaminant on metallothionein 
concentrations was found for crabs, but analogous experiments have been carried out in 
fish. Romeo et al. (1997) injected sea bass with copper and B(a)P and found that while 
copper alone had no significant effect, B(a)P caused a significant reduction, and copper 
and B(a)P combined caused a significant increase in hepatic metallothionein 
concentrations. Hylland et al. (1996) observed significant increases in hepatic 
metallothionein levels in flounder after injections of cadmium singly and in combination 
with PCBs compared with controls. No significant difference were observed after 
injections of B(a)P alone, a B(a)P and PCB mixture and a cadmium and B(a)P mixture 
relative to control fish. Overall the effects of combinations of organic chemicals and 
metals on metallothionein levels appears to vary according to the different types of 
metal and organic contaminants used, with phenanthrene and PCBs showing no effects 
and B(a)P causing both inhibition and induction of metallothionein when exposed in 
combination with cadmium and copper respectively. These results suggest that the 
usefulness of metallothionein for indicating the type of toxicants present in an unknown 
complex mixture may be limited in some species, due to the confounding influences of 
mixtures of metal and organic contaminants on metallothionein induction, although in 
this work metallothionein levels were only affected by the metal contaminant. 
A trigger concentration, or a very steep exposure response curve, was detected in crab 
metallothionein concentrations after exposure to different concentrations of the copper- 
phenanthrene mixture. The original mixture showed a statistically significant 
relationship between exposure concentration and gill metallothionein concentrations, 
although only the highest exposure was statistically significantly different from the 
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control. The increased number of chemicals present in the original mixture may have 
contributed towards the observed exposure response curve. 
Metallothionein was induced in crab gill tissue following exposure to copper at EQS200 
and copper-phenanthrene at EQS200 and EQS64 but not at EQS20. The original mixture 
caused an induction in gill metallothionein concentrations at the highest exposure 
concentration used, EQS 100, but not at the lower exposure concentrations. Such high 
exposures are not environmentally relevant and suggest that metallothionein levels in 
Carcinus maenas may not be especially useful as a biomarker in the assessment of 
complex effluent toxicity in short term laboratory exposure experiments, unless high 
exposure concentrations are used. 
Mussel metallothionein 
A single experiment was undertaken measuring metallothionein levels in Mytilus edulis 
digestive gland, with no effects observed following exposure to copper and 
phenanthrene individually or in combination, as the results were negative no further 
experiments were carried out. Viarengo et al. (1987) found phenanthrene had no effect 
on metallothionein levels in the mussel Mytilus galloprovincialis, although cadmium 
was shown to induce metallothionein. The mussel Mytilus edulis has shown an increase 
in whole body tissue concentrations of metallothionein after exposure to cadmium, 
copper and mercury (Köhler and Riisgärd, 1982; Roesijadi et al., 1988; Bebianno and 
Langston, 1991; Pavicic et al., 1993) although the exposure concentrations used 
(typically 200-400 µg 1"1) were higher than in this study. The induction of 
metallothionein in Mytilus edulis may therefore be limited as a biomarker at 
environmentally relevant concentrations. In a field trial using Mytilus edulis, deployed 
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for one month on the Tees and Mersey estuaries, no variation amongst differentially 
contaminated sites was detected in whole body tissue metallothionein concentrations 
(Environment Agency, unpublished data). 
Crab GST 
Following the exposure of crabs to the original complex mixture in the laboratory a 
decrease in GST activity was observed in crab gills at all the exposure concentrations 
used, together with a clear exposure response relationship between activity and exposure 
concentration. Studies on the exposure of invertebrates to contaminants have reported 
both increases (Blat et al., 1988; Boryslawskyj et al., 1988) and decreases (Dierickx, 
1984; Baturo and Lagadic, 1996) in GST activity depending on the contaminant and test 
species used. Even within a species GST activity has been shown to increase and 
decrease depending on the contaminants used. Reddy et al., (1996) observed an increase 
in GST activity in the crab Oziotelphusa senex senex in response to copper and 
cadmium, and a decrease in the same animal in response to pesticides. Conflicting 
responses have also been observed in different laboratories after exposure of the same 
species, to the same contaminant, at similar concentrations and exposure times. For 
example, an increase in GST activity was observed in the freshwater bivalve Sphaerium 
corneum in response to dieldrin exposure by Boryslawskyj et al. (1988) but no effect 
was observed by Looise et al. (1996). The results of this study, however, suggest that 
GST activity is a useful biomarker in crab gill. 
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3.4.2. Cellular biomarkers 
Crab neutral red retention time 
The neutral red retention time assay has been extensively tested in mussels but not in 
crabs, the results from this study showed that it also has potential for use as a biomarker 
in crabs. The neutral red retention time in lysosomes of crab haemocytes was reduced 
after exposure to the original. mixture in all the exposure groups (EQSIO - EQSIOO) 
tested. Laboratory stress did however appear to be reflected in the assay, the mean 
retention time in the laboratory control animals (60 minutes) was generally about half 
that of the control crabs from which samples were taken in the field (120 minutes), 
despite this it remained one of the more sensitive biomarkers used on crabs in this study. 
Mussel neutral red retention time 
The haemocyte lysosomal response in mussels appeared to be a very sensitive indicator 
of contaminant exposure and as little as EQS1 of the original mixture, caused a 
reduction in the neutral red retention time. The retention time in mussels was sensitive 
to all of the contaminants tested, but in none of the experiments was an exposure 
response relationship observed, instead there appeared to be a threshold exposure at 
which the retention time decreased. Grundy et al. (1996) found a similar all or nothing 
response, when examining the effect of an exposure solution containing an anthracene, 
fluoranthrene and phenanthrene cocktail on the neutral red retention time in Mytilus 
edulis haemocytes. It is possible that by increasing the frequency of haemocyte 
observations the discriminatory ability of the assay could be improved. In these 
experiments the cells were observed once every 15 minutes. Svendsen and Weeks 
(1995) observed an exposure response relationship between neutral red retention time 
and copper concentration in the fresh water snail Viviparus contectus examining the 
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cells every three minutes. However as the toxicity of neutral red increases in the 
presence of light the benefits of observing the slides more frequently may be out- 
weighed by the increased toxicity to the lysosomes. The time taken to observe the cells 
relative to the time between observations would also be long if the slides were observed 
more frequently which may confound results. 
Possible interactive effects between copper and phenanthrene may have been observed 
after a short exposure period. The 3 day exposure of mussels to copper and 
phenanthrene alone and as a mixture suggested that initially phenanthrene could be 
having an inhibitive effect when used in conjunction with copper. Copper alone reduced 
the retention time but when the mussels where exposed to both copper and phenanthrene 
together the retention time was not significantly different from controls. After 7 days 
however this was no longer the case, with all exposure groups having significantly lower 
retention times than controls. 
The experimental exposures to copper and phenanthrene alone and then in combination 
was carried out twice to test for seasonal effects. The retention times in both control and 
exposed mussels were lower in the second experiment, carried out in February, than in 
the initial October experiment, the lower retention times possibly reflecting the 
additional stress of winter. Seasonal changes in stereological parameters were observed 
in digestive gland cell lysosomes from the mussel Mytilus galloprovincialis by 
Etxeberria et al. (1995) and Marigomez et al. (1996). Such changes are known to be 
accompanied by changes in lysosomal membrane stability, with lysosomal enlargement 
shown to be inversely correlated with lysosomal membrane stability (Moore, 1988). 
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Tremblay and Pellerin-Masicotte (1997) reported de-stabilisation of digestive gland 
lysosomes in Mytilus edulis during immersion periods of the tidal cycle. This could 
potentially cause confusion when interpreting the results if such variations are also 
observed in haemocyte lysosomes, the degree of confusion depending on how much this 
internal variation in lysosomal stability effects the neutral red retention time. The effect 
in laboratory experiments is unlikely to be significant, as mussels are permanently 
submerged. The destabilising effect in field trials may also be marginal, mussels would 
be sampled at low tide and therefore all be at a similar point in any lysosomal stability 
cycle. 
Crab lysosomal enlargement 
The results of the different exposure experiments using crab haemocyte lysosomal size 
as an indicator of toxicity were confusing. Lysosomal enlargement was observed after 
exposure to high concentrations of the mixtures; a concentration of EQS200 of the 
copper-phenanthrene mixture and exposures above EQSIOO of the original mixture. 
However, at the highest exposure concentrations (EQS400) of the original mixture a 
decrease, or levelling off, in lysosomal area was observed. The lysosomal area in the 
EQS400 exposure group was not significantly different to the EQS200 or EQSIOO exposure 
groups, which were significantly different to each other. This decrease is possibly due to 
apotosis, cell death, the larger lysosomes and cells burst open and so are no longer 
present in the haemolymph, resulting in an overall average decrease in lysosomal area. 
Exposures lower than EQS100 caused a decrease or no change in lysosomal area. In the 
copper-phenanthrene exposure response experiment a decrease in lysosomal size was 
observed at the lowest exposure concentration (100 µg 1-1, EQS20) compared with 
controls with no difference observed at the intermediate exposure concentration 
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(320 µg 1"1, EQS64). There were no differences in lysosomal size observed at the lower 
original mixture exposures, nor after exposure to phenanthrene alone. 
Mussel lysosomal enlargement 
The use of BFLV to measure lysosomal enlargement in mussel haemocytes was much 
more sensitive than in crabs, by a factor of approximately 100. An exposure response 
relationship was observed when exposing mussels to concentrations of EQS1, EQS5, 
EQS10 of the original mixture. As in the crab study there was a decrease in lysosomal 
size at the highest concentration used (EQS10), again this is probably associated with 
apotosis. When the mussels were exposed to higher concentrations of the mixture they 
only survive for a relatively short period of time (80 % dead after 3days, 100 % dead 
after 5 days) and so the lysosomal size could not be measured. 
In the multiple mixture assessment experiment all but the pure organic mixture caused 
an increase in mussel haemocyte lysosomal size compared with controls. The organic 
mixture had a very large range with the median lysosomal size being higher than the 
control but not significantly so. These increases suggest that lysosomal enlargement in 
mussel haemocytes may be of some use as a biomarker. An increase in Mytilus edulis 
haemocyte lysosomal area was also observed between a clean and contaminated site in a 
preliminary field study carried out by Moore et al. (1996) using the same fluorescent 
molecular probe. 
The results of other experiments measuring lysosomal size following contaminant 
exposure gave equally confounding results as the crab exposure experiments. Astley et 
al. (1996) found that lysosomal enlargement was observed in crabs after copper 
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exposure in solution but not after oral B(a)P exposure nor after exposure to a mixture of 
the two. Cajaraville et al. (1995) found a decrease in lysosomal size (measured using 
molecular probes and image analysis) and number in the digestive gland of the marine 
mussel Mytilus galloprovincialis after short term (21 day) exposure to water soluble 
organics. The size of lysosomes increased after longer term exposure (49 and 91 days) 
but the number of lysosomes remained low. Similarly Marigormez et al. (1996) found a 
decrease in lysosomal size in digestive gland from mussels from a site known to be 
contaminated with hydrocarbons. Marigormez et al. (1996) suggested that lysosomes 
containing hydrocarbons or their metabolites may be excreted from cells thus 
accounting for the increase in number of smaller lysosomes after hydrocarbon exposure. 
In contrast to these results, lysosomal enlargement has been observed as a response to 
organic pollutants in the digestive glands of both Mytilus edulis (Lowe et al. 1981, 
Lowe, 1988, Lowe & Clarke, 1989) and Mytilus galloprovincialis (Cajaraville et al., 
1995) after long term (months) PAH exposure. Lysosomal enlargement has also been 
observed resulting from exposure to metals in the lysosomes of the digestive gland of 
the mussel Mytilus galloprovincialis (Exteberria et al., 1994) as well as in the winkle 
Littorina littorea (Cajaraville et al., 1989). 
Overall neutral red retention time in both crabs and mussels was shown to be a sensitive 
indicator of contamination, although no exposure response relationship was ever 
observed. Preliminary experiments showed image analysis using the fluorescent probe 
BFLV to be capable of measuring changes in lysosomal area and to be more sensitive 
and less contradictory when used on mussel rather than crab haemocytes. The response 
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in crabs was not clear and the exposures required to produce a definite increase in 
lysosomal size were environmentally unrealistic. 
3.4.3. Physiological monitoring 
Crab heart rate 
Crab heart rate was found to increase in copper contaminated water as well as after 
exposure to the more complex mixtures. The increase in heart rate observed due to 
copper exposure is consistent with results of other experiments (Aagard et al., 1991; 
Depledge et al., 1995; Bamber and Depledge 1997a). No change was found in heart rate 
following exposure to phenanthrene. Depledge (1984) found that after 24 hours 
exposure to a solution of crude oil the heart rate in exposed and control crabs remained 
the same. Similarly Bamber and Depledge (1 997a) observed no effects on heart rate in 
crabs fed high doses of B(a)P. This suggests that heart rate is generally less sensitive to 
organic contaminants. 
Heart rate was one of the few biomarkers to show a good exposure response relationship 
between activity and concentration of contaminants. This is a particularly useful 
property for both laboratory and field based tests in situations where contaminant 
concentrations vary. An exposure response relationship was observed after exposure to 
the copper-phenanthrene and original mixtures. An increase in heart rate corresponding 
to increased copper exposure was also observed by Bamber and Depledge (1997a). 
Discrepancies may arise when using crab heart rate as a biomarker if the crabs have not 
been fully acclimatised to laboratory conditions and still retain endogenous rhythms. 
Aagard et al. (1995) observed circadian and circatidal rhythms in crabs taken straight 
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from the field. The confounding effects on heart rate of the different chemicals present 
in a mixture may also confuse results, as although the results of all the exposure 
experiments in this study showed an increase in heart rate, experiments using other 
contaminants have shown decreases in heart rate. Bamber and Depledge (1997a) 
observed a decrease in heart rate in crabs under stressed conditions following arsenic 
exposure. Lundebye et al. (1997) found that the heart rate of crabs exposed to 2 mg 1-1 
dimethoate were significantly depressed relative to controls. The experiments carried 
out in the present study showed crab heart rate to be a valuable indicator of toxicity, 
especially under standardised laboratory conditions, although exposure concentrations 
needed to observe significant effects were high (EQS64 of the copper-phenanthrene 
mixture and EQS32 of the original mixture). It is possible that effects may be seen at 
lower exposure concentrations following a more chronic exposure regime. 
Mussel heart rate 
The heart rate expected in estuarine mussels of the size class used (4-5cm) is 20-28 
beats per minute at 15 ° C, (Bayne et al., 1976) which was the range observed in the pre- 
exposure mussels. Following exposure to contaminants the heart rate did not differ 
significantly from this range in all but the highest exposure group, EQSloo. At the 
highest exposure concentration the decrease in heart rate observed is consistent with 
observations from other experiments: Grace & Gainey (1987) and Curtis (1998) both 
found copper to cause a decrease in Mytilus edulis cardiac activity. The concentrations 
of chemicals required to obtain a response are quite high relative to the other mussel 
assays such as the lysosomal assays. As for the crab heart rate experiments changes 
in 
mussel heart rate appeared to be more sensitive to metal contaminants than organics. 
In 
the multiple mixture assessment experiment the organic mixture was the only one not 
to 
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have any effect on mussel heart rate. This is in contrast to results obtained from an 
experiment carried out by Sabourin and Tullis (1981), who reported a decrease in heart 
rate of Mytilus californianus after exposure to high concentrations of three aromatic 
hydrocarbons. 
The importance of considering the actual heart rates as well as the percentage change in 
heart rate in avoiding type 1 errors, i. e. seeing an effect when none is present, was 
demonstrated in the laboratory experiment. After exposure to EQS5 of the original 
mixture the percentage change in heart rate suggested that the heart rate was 
significantly increased, the actual final heart rate was, however, not outside the normal 
range of the mussels, nor was it significantly different to the final heart rate of the 
controls. The usefulness of having internal controls to avoid similar errors was also 
demonstrated. After exposure to EQS10 of the original mixture a decrease in heart rate 
was observed in exposed mussels compared with controls, however, there was no 
significant decrease compared with the pre-exposure mussels and the percentage change 
in heart rate was also insignificant. 
3.4.4 Toxicity tests 
Results from the two standard assays, Microtox® and Tisbe battagliai, showed that the 
T battagliai assay was generally sensitive to contaminants at lower concentrations than 
the Microtox® assay. Only the pure organic mixture in the multiple mixture assessment 
experiment was more toxic to the Microtox® bacteria than to the copepods. It is 
possible that the low toxicity of the pure organic mixture to T battagliai was 
due to the 
organic toxicants escaping from solution. The T battagliai were exposed to the 
contaminants for 24-96 hours compared with 5-30 minutes 
for the bacteria, during 
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which time some of the organic contaminants (toluene and hexane) may have been lost 
from solution. 
The EC-50 values obtained in the Microtox® assay were comparable to values found in 
the literature (McConkey et al., 1997; Tarkpea et al., 1986). The main problem with the 
Microtox® assay was the delay in response time to metal contaminants and the variation 
in the results associated with this delay .A delay in response to the toxic effect of metals 
by the bacteria and large amount of variation is commonly observed (Tarkpea et al., 
1986; Munkittrick et al., 1990) and is unlike the response to organic contaminants, 
where the toxic effect is generally instantaneous. Toussaint et al. (1995) when reviewing 
the literature found variations in EC-50 values of up to three orders of magnitude given 
for copper and zinc. Tarkpea et al. (1986) had to use different concentrations of stock 
solutions when investigating Cu, Cd and Zn toxicities to the Microtox® bacteria in 
order to obtain reproducible 5 and 30 minute EC-50 values as the difference between the 
two values was so extreme. The high variation in metal toxicity to the bacteria from 
time to time may be due to matrix effects. The presence of complexing agents in the 
solution such as humic acids was shown by Morel et al. (1988) to strongly affect the 
toxicity of copper. Steinberg et al. (1995) suggested that the effect of different matrices 
present in solutions may account for high inter-laboratory and intra-laboratory variation 
in Microtox® toxicity test results. 
A review of the literature comparing the Microtox® assay to other standard acute 
toxicity assays was carried out by Steinberg et al. (1995), who found the Microtox® 
assay generally as or more sensitive than the other assays examined. Weideborg et al. 
(1997) found, when looking at 82 test substances, that Microtox® was the most 
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sensitive of three screening tests and four Oslo and Paris commission authorised 
procedures evaluated. Munkittrick et al. (1991) found that the Microtox® assay was 
equally or more sensitive to pure individual organic chemicals than acute lethality tests 
but was less sensitive to most inorganic chemicals. This is in agreement with the results 
from the multiple mixture assessment experiment where the Microtox® assay was the 
most sensitive to the pure organic mixture. A chronic 22 hour Microtox® toxicity test 
(AZUR environmental, Carlsbad, CA, USA) has recently been developed which 
showed increased sensitivity and may be of more use than the acute test used here. An 
investigation of the toxicity of 14 wastewater plant effluents by Sweet et al. (1997) 
found the new chronic Microtox® test correlated well with chronic toxicity end points 
(survival and reproduction) in cladocerans and had significantly lower NOEC (no 
observable effect concentration) values than both the cladoceran and fish assays used. 
The results from the T battagliai assay were also comparable to those found in the 
literature (Hutchinson et al., 1994). Hutchinson et al. (1994) compared the toxicity of 
cadmium, hexavalent chromium and copper to T battagliai with toxicity values from 
the literature for the mysid shrimp Mysidopsis bahia, an animal frequently used for 
regulatory ecotoxicological testing which is generally considered sensitive (Suter & 
Rosen, 1988). They found the mysids more cadmium sensitive but the T. battagliai 
more sensitive to chromium and copper, suggesting that T battagliai is as sensitive a 
standard test organism as any to heavy metals. Williams et al. (1993) also made a direct 
comparison between the Microtox® assay and the use of T battagliai and found that the 
sensitivity of both was within one order of magnitude for four out of the 
five complex 
effluents directly compared. When the actual values were considered, the 
T battagliai 
were the more sensitive test organism in 4 out of the 
5 cases. 
189 
The advantages of both assays to industry and regulators alike is obviously their 
simplicity and ease of operation. Limited skill and training are necessary before the 
assays can be carried out. The two assays complement each other in that the T battagliai 
were generally more sensitive to metals and the Microtox® more sensitive to organic 
contaminants. The results of both are in a form that is easily comprehensible, a simple 
value that is readily understood, and is easily incorporated into QSAR (Quantitative 
Structure Activity Relationship) type predictive models. QSARs are models that 
statistically establish a mathematical relationship (usually a correlation) between the 
toxic effect of structurally similar compounds and a range of their physical and chemical 
parameters. The QSAR can then be used to predict the toxicity of untested chemicals for 
which the physical and chemical parameters are known (Blum and Speece, 1990). 
3.4.5 Exposure experiments 
Copper and phenanthrene exposure 
The purpose of exposing organisms to copper and phenanthrene was to investigate the 
effect of a metal and an organic chemical on biomarker and toxicity test responses and 
to see if or how the response where affected by a mixture of the two. A summary of the 
results is shown in Table 3.16. In the toxicity tests used, Microtox® EC-50 and Tisbe 
battagliai LC-50, combining copper and phenanthrene caused an overall increase in 
toxicity compared with the toxicity of the individual chemicals. Due to the high 
variation of the Microtox® assay 5 and 15 minutes EC-50 values for metal toxicants the 
30 minute EC-50 values had to be used for this effect to be statistically significant. The 
increase in toxicity on exposure to both contaminants suggests that the chemicals are 
having an additive effect but there was no evidence of synergism. 
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Assay Exposure Exposure Effect Relative toxicity 
_ ................... _................. _....... ..................... .................................. . .... _........... ....... ..... ..................... .... ......... 
period 
.......... ........ .............. ............................ 
EQSX 
.................... ........ Crab MT: midgut Cu 14 Days >EQS200 ..... _.... __.. __.......... .... _.......... ...... ................... -_...... _.................. no induction 
Phen >EQS200 
Cu-Phen >EQS200 
gill Cu EQS200 (Cu&P=Cu)>(P=Con) 
Phen >EQS200 
Cu-Phen EQS200 
Mussel MT: midgut Cu 7 Days >EQSIO no induction 
Phen > EQSjo 
Cu-Phen > EQS lo 
Crab BFLV Cu 12 Days >EQS200 (Cu-P) >Con; Cu=P=Con 
Phen >EQS200 
Cu-Phen EQS200 
Mussel neutral red Cu 7 Days EQSIO (Cu-P=Cu=P)>Con 
retention time Phen EQSjo 
Cu-Phen EQ S 10 
Crab heart rate Cu 7 Days EQS200 (Cu-P=Cu)>(P=Con) 
(rest) Phen >EQS200 
Cu-Phen EQS200 
T. battagliai LC-50 Cu 24 hours EQS30 Cu-P>Cu>P 
Phen EQS70 
Cu-Phen EQ Slo 
Microtox® EC-50 Cu 30 min EQS50 Cu-P>Cu>P 
Phen EQS200 
Cu-Phen EQS30 
Table 3.16 A summary of the effects of copper and phenanthrene exposure alone and in 
combination, on the biomarker and toxicity assays. Effect EQSX, concentration at which 
an effect is observed (i. e. EQS, ); Relative toxicity, ranks the toxicity starting with the 
contaminants that showed the greatest biomarker response; > statistically greater than; < 
statistically less than; = no statistical difference; Cu, copper; Phen or P, phenanthrene; 
Cu-Phen or Cu-P, copper-phenanthrene mixture; BFLV, lysosomal enlargement 
measured using BFLV; RT, neutral red retention time; MT, metallothionein. 
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No additive effects were seen in the biomarker assays. Only the mussel neutral red assay 
responded to all three contaminant groups (copper, phenanthrene and the copper- 
phenanthrene mixture) but it did not distinguish between the treatments. In the crab 
heart rate and the crab gill metallothionein assays the crabs exposed to copper and the 
copper and phenanthrene mixture both gave significantly different biomarker responses 
to the control crabs. In neither assay was there any evidence of any interactive effects 
between the chemical contaminants. The crab lysosomal enlargement assay was 
probably the least sensitive, a significant difference compared with controls was only 
seen in the crabs exposed to the copper-phenanthrene mixture. On the whole the 
biomarkers appeared to be more sensitive to copper, with three out of the four 
biomarkers tested responding to copper and only one responding to phenanthrene. 
Exposure response experiments 
The aim of the two exposure response experiments was to see if the biomarker response 
was in any way proportional to the level of contaminant exposure. The standard 
techniques (Microtox® and T battagliai LC-50) obviously showed an exposure 
response relationship with the contaminants as this is the principle on which the toxicity 
values are based. The effects of varying concentrations of copper- phenanthrene on the 
different biomarker responses is shown in Table 3.17. The T battagliai LC-50 and 
mussel neutral red assays were the most sensitive followed by the Microtox® and heart 
rate assays. The least sensitive were the crab lysosomal enlargement, crab gill 
metallothionein and mussel heart rate assays. Of the biomarker assays it was only the 
heart rate assay that exhibited a convincing relationship between exposure and response; 
a tenuous relationship between exposure concentration and biomarker response was 
obtained for the gill metallothionein assay. The other 
biomarkers appeared to have a 
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Assay Exposure Effect Exposure 
Period concentration response 
Crab MT: Gill 14 Days EQS, oo tenuous 
Crab BFLV 12 Days EQSIOO No 
Mussel neutral red RT 7 Days EQS4 No 
Crab heart rate (rest) 7 Days EQS32 Yes 
Mussel heart rate 1 Day EQS, oo No 
T. battagliai LC-50 24 hrs EQS12 Yes 
Microtox® EC-50 30 min EQS26 Yes 
Table 3.17 A summary of the effects of different exposure concentrations of a copper- 
phenanthrene mixture on the toxicity and biomarker assays tested. Effect concentration, 
the minimum exposure concentration used at which an effect was observed (EQS, t); 
Exposure response, states whether their was a statistically significant (linear) 
relationship between response and exposure concentration; BFLV, Lysosomal 
enlargement measured using BFLV; RT, retention time; MT, metallothionein. 
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threshold above which a response was observed. It may be that there is a narrow 
exposure response range for all the biomarkers, although this would be of limited use 
for ecotoxicological testing purposes. 
The effects of varying concentrations of the original mixture on the biomarker responses 
and toxicity tests is summarised in Table 3.18. The concentration of contaminants in 
the original mixture needed to observe a biomarker response were generally lower than 
for the copper-phenanthrene exposure response experiment. This may be due to the 
presence of more contaminants in the mixture, emphasising the importance of 
experiments on complex mixture toxicity. The most sensitive techniques in this series of 
experiments were the mussel lysosomal assays and the T battagliai LC-50 assay which 
required intermediate exposure times (1-5 days) and low exposure concentrations 
(<EQS10) for a response to be observed. The least sensitive techniques were the crab 
metallothionein and lysosomal enlargement assays, for which long exposures (2 weeks) 
to high concentrations (EQS 1 oo) of chemicals were required to elicit a response. The 
Microtox®, mussel heart rate, crab heart rate and neutral red assays required medium to 
high exposure concentrations (EQS, o - EQSIoo) and low to medium exposure times (6 
hours to 1 week) to obtain detectable responses. 
For the more complex original mixture the crab heart rate assay again exhibited a 
relationship between exposure concentrations and level of response but, unlike in the 
copper-phenanthrene experiment, the crab gill metallothionein concentrations showed a 
more statistically significant, and therefore more convincing, exposure response 
relationship. The GST, and mussel BFLV assays both showed statistically significant 
exposure response relationships. Exposure response relationships are valuable 
in 
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Assay Exposure Effect Exposure 
..... 
period concentration res onse 
T. battagliai LC-50 24 hours EQS4 Yes 
Microtox® EC-50 
Crab BFLV: High 
Low 
Crab neutral red RT 
Mussel neutral red RT 
Mussel BFLV 
Crab heart rate (rest) 
Mussel heart rate 
Crab MT: midgut 
30 min EQS40 
5 Days 
12 Days 
11 Days 
3 Days 
5 Days 
7 days 
1 Day 
14 Days 
Yes 
EQSIOO -EQS40o 200>400>100>Con 
EQS loo 
EQSio 
EQS l 
EQS1 
EQS32 
EQSIOo 
>EQS l o0 
No 
No 
No 
5> 10> 1>Con 
Yes 
No 
No Induction 
gill EQ Sl oo Yes 
Crab gill GST 14 days EQSjo Yes 
Table 3.18 A summary of the effects of different exposures of the original complex 
mixture on the toxicity and biomarker assays tested. Effect concentration, the minimum 
exposure used at which an effect was observed (EQSX); Exposure response, shows 
whether their was a statistically significant (linear) relationship between response and 
exposure concentration; BFLV, lysosomal enlargement measured using BFLV; High, 
the high range of exposure concentrations; Low, the low range of exposure 
concentrations; RT, retention time; MT, metallothionein; GST, glutathione-S- 
transferase activity. 
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laboratory biomarker studies as they not only show that the contaminant is having an 
effect but enable the amount of effect to be related back to the contaminant exposure 
concentration. 
Caution is needed when extrapolating from the degree of biomarker response to 
exposure concentrations in situations where the exposure history of the test organism is 
unknown, for example when biomarkers are used on natural populations in the field. A 
difference in the biomarker response between two organisms could result from varying 
levels of exposures to a pollutant or they could result from different capabilities of the 
organisms to cope with the pollutants (Depledge et al., 1992). Exposure history also 
affects the biomarker response, the number of DNA adducts in fish exposed to 3- 
methylchloanthene (3-MC) prior to benzo(a)pyrene exposure was double that of fish 
that were not pre-exposed to 3-MC (McCarthy et al., 1989). In the laboratory where the 
test organisms are from the same source and their exposure history is know it is much 
simpler to relate the degree of biomarker response back to exposure concentration. 
Multiple mixture assessment experiment 
The purpose of the multiple mixture assessment experiment was to find out if, the 
relative toxicity of, or type of contaminants in, an unknown mixtures could be 
determined using biomarkers or toxicity tests. The experiment also investigated whether 
the assessments made by the different assays were comparable. The results, following 
exposure to the five complex mixtures, are summarised in Table 3.19. The ability of the 
assays to rank the mixtures into groups of differing toxicity from the most to least toxic 
varied considerably. The two toxicity tests, Microtox® and T battagliai LC-50, 
divided 
the chemical mixtures into 3 groups, the heart rate assay a possible four and the two 
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Assay LC-50 Microtox R. T. Heart BFLV 
Mixture 24Hrs 30mins rate 
1. Cu&P 21121 
2. Orig. Mix 12132 
3. Metal Mix 13112 
4. Organic Mix 31152 
5. Metal &Org. 2 1 1 3 2 
Sensitivity 
Met/Org sensitive 
1, EQS1-lo 
Metal 
4, EQS, o-iooo 
Or anic 
2, EQSIO 
Neither 
4, EQSIoo 
Metal 
2, EQSIo 
Neither 
Table 3.19 The relative toxicities (from 1 to 5,1 is the most toxic, 5 the least toxic) of 
five complex mixtures as assessed by the three biomarker and two toxicity assays. The 
relative toxicities are the statistically significant different groups the treatments formed. 
The second to last row indicates the relative sensitivities of the different assays (1, most 
sensitive, 4 least sensitive) and the concentrations (EQS,. ) needed to observe a response; 
the last row shows whether the assays are more sensitive to metal (Metal), or organic 
contaminants (Organic) or equally sensitive to both (Neither). LC-50 - Tisbe battagliai 
LC-50; RT, neutral red retention time; BFLV, lysosomal enlargement measured using 
BFLV. 
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lysosomal assays did not really differentiate between mixtures at all. The groups that the 
mixtures were sub-divided into, representing their relative toxicities, were not the same 
for the different assays. The predominantly metal containing mixtures were the most 
toxic according to the heart rate and T battagliai LC-50 assays whereas the organic 
containing mixtures were more toxic as according to the Microtox® assay. No absolute 
toxicity ranking could therefore be obtained, the assays could, however, give an 
indication as to the type of contaminants present in the complex mixtures especially if 
the results from all the assays were considered. The Microtox® assay would indicate 
mixtures rich in organic contaminants whereas the T battagliaii LC-50 and mussel heart 
rate assays mixtures with high metal contents. 
The concentrations to which the test organisms were exposed for the various assays 
were the lowest concentrations, in EQS units, found to show a significant effect in 
previous experiments. The relative sensitivities of the techniques shown in Table 3.19 
are therefore based on the previous experiments. The most sensitive assays were the 
Tisbe battagliai LC-50 assay and the lysosomal response assays, the least sensitive were 
the mussel heart rate and Microtox® assays. 
In summary no single assay was able to give a measure of both the toxicity of and the 
contaminants in an unknown mixture, however, an overall assessment could be obtained 
by using a suite of assays. The T battagliai and neutral red assays could be useful for 
deducing the amount of, or presence or absence of, contaminants as they were the most 
sensitive. For deducing the type of contaminants present the Microtox® and heartbeat 
assays would be the most useful as they had the most extreme responses between metal 
and organic chemical contaminants. The use of all the assays apart from the BFLV, 
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would be beneficial when investigating the ecotoxicology of unknown effluents. It has 
been recommended by Whitehouse et al. (1996) that at least six assays be used in order 
to test effluents to be discharged into UK waters, both fresh and marine. The use of the 
Microtox® assay and Tisbe battagliai where among the test methods recommended. 
Based on the findings of this multiple mixture assessment experiment, the neutral red 
and heartbeat assays should possibly also be included. 
Synopsis of laboratory work 
The laboratory results showed that the response of the biomarkers or toxicity tests under 
investigation varied according to the type of contaminants present in the exposure 
solutions. Some of the assays were more sensitive to metals whilst others were more 
sensitive to organic chemicals but by using a suite of biomarkers a better overall 
assessment of the type of contaminants present in an unknown effluent could be made. 
The concentration range at which a biomarker response was obtained varied 
considerably. The biomarkers measured in mussels were generally more sensitive than 
those measured in crabs. The mussel biomarkers typically responding between exposure 
concentrations of EQS1 and EQSIO. The more sensitive biomarkers in crabs the neutral 
red retention time and GST activity showed a response at EQSIO (no lower exposure 
concentrations were tested). The less sensitive crab biomarkers, the metallothionein and 
lysosomal enlargement assays were showing effects at EQS64 or higher. Exposure 
response relationships were obtained for some but not all of the biomarkers. 
There was evidence that copper and phenanthrene had additive toxic effects on the T 
battagliai and Microtox® assays. The more complex original mixture was also more 
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toxic to the T battagliai than the mixtures containing fewer chemicals. The biomarkers 
did not show any significant interactive effects following exposure to two or more 
chemicals. However biomarker responses were generally obtained at lower 
concentrations to the original mixture than the copper-phenanthrene mixture suggesting 
that the complex mixture of chemicals may be causing a slight increase in overall 
toxicity. 
The laboratory experiments showed that many of the biomarkers tested have potential 
for use in the assessment of complex effluent toxicity. The concentrations needed to 
observe a response in biomarkers and toxicity tests were comparable. The lysosomal 
enlargement and the neutral red retention time assays in mussels and the neutral red 
retention time and GST enzyme assays in crabs were as sensitive as the Tisbe battagliai 
LC-50 assays. The crab heart rate assays showed an effect at similar concentrations to 
the Microtox® assay. From the laboratory results, the assays that responded at lower 
concentrations would be the most obvious choice for further testing in the field as EQSI 
is the generally accepted concentration of chemicals permitted in the environment, 
allowing for local adaptations. The experimental exposures were acute (relatively high 
concentrations for short time periods) and it is possible that more chronic exposures 
(lower concentrations for longer time periods) would also induce a response in some of 
the biomarkers. Assays such as the mussel heart rate and metallothionein assays may 
therefore be of use on natural populations of animals in a field experiment. 
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Chapter 4: Field work 
There were three main purposes of the field experiment. The first was to investigate 
whether a biomarker response could be obtained in the field from biomarkers that had 
previously given positive results in laboratory experiments. The second was to see if the 
response elicited could in any way be correlated with anthropogenic contamination. The 
final purpose was to compare biomarker responses between animals indigenous to an 
area with animals that had been transplanted into the same area. 
The field work was carried out on the Tees Estuary and at several control sites over a 
one month period from the 13th of August to the 12th of September 1997. Several 
biomarker responses were measured in crabs and mussels sampled from the field sites 
(hereafter referred to as indigenous crabs or mussels) as well as in crabs collected from 
the River Avon, Devon, and mussels taken from Whitsand Bay, Cornwall, and deployed 
in cages at the field sites (hereafter referred to as deployed crabs or mussels). 
4.1 MATERIALS AND METHODS 
4.1.1 Biomarkers and toxicity tests chosen 
The biomarkers chosen for the field study where those which had worked well in 
laboratory experiments and were the most easily adapted for use in the field. The choice 
of biomarkers was to some extent limited by the number of animals available. When 
sampling from a natural population it is important that the removal of individuals for 
biomarker analyses does not adversely affect the population dynamics, for example by 
causing a significant depletion in population size. All natural sources of variability such 
as seasonal effects must be considered and accounted for. Seasonal fluctuations in 
biomarker responses, related to changes in the reproductive and nutritional state of the 
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organism, have frequently been observed (Veldhuizen-Tsoerkan et al. 1991, Smaal et al. 
1991, Sole et al. 1995, Escartin & Porte 1997, Viarengo et al. 1997, Bordin et al. 1997). 
Confusion when interpreting results influenced by seasonal fluctuations in biomarker 
responses can to a large extent be avoided by the use of controls taken from similar sites 
at the same time of year. The biomarkers chosen for use in the field were the heart rate 
and neutral red retention time assays in mussels and the neutral red retention time, 
metallothionein and glutathione-S-transferase assays in crabs. The standard toxicity 
assays Microtox® and T battagliai LC-50 were also carried out on water samples from 
the field sites. 
The neutral red retention time (RT) assay measuring lysosomal stability was chosen for 
use in both mussel and crab haemolymph as it gave good results as a general stress 
response in laboratory experiments. It is also easily portable and can be carried out in 
situ using a field microscope. The less subjective lysosomal assay, looking at lysosomal 
size using the fluorescent probe BFLV and image analysis, which was successful in 
laboratory experiments on mussels, could not be used in the field trial due to the large 
amount of non-transportable equipment required. 
The measurement of heart rate in mussels was also chosen for use as a biomarker in the 
field. As although acute concentrations of contaminants were required to illicit a 
response in the laboratory experiments, it was hypothesised that more chronic exposure 
regimes may also cause a change in heart rate. The equipment needed to measure heart 
rate was easily transportable and set up in the nearest available laboratory to the field 
sites. Mussels were plentiful so the heart rate assays and neutral red assays were not 
carried out on the same animals. The measurement of crab heart rate was not used on 
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crabs in the field trial as a separate set of crabs would have been needed to those used 
for the other biomarker assays, insufficient crabs were available for this. The assay 
could not have been carried out on one batch of crabs as, to avoid confusion of the 
results by natural circadian rhythms (Aagaard et al., 1995), the heart rate would have to 
be monitored for 24 hours following exposure or capture thus incorporating all stages of 
the tidal cycle. Twenty four hours would therefore have passed before the animal's 
tissue was sampled, which would be likely to interfere with the results of the 
biochemical and neutral red assays. 
Molecular assays that could be carried out later were also chosen for use in the field, as 
animals could be dissected on site, the tissue snap frozen in liquid nitrogen and then 
taken back to the laboratory for storage at -80'C. Measurement of metallothionein in 
crab as a potential indicator of metal exposure was used as, although it did not appear to 
be especially sensitive in laboratory experiments, differences may be observed after 
chronic exposure in the field. Pedersen et al. (1997) observed increased metallothionein 
in Carcinus maenas gill and midgut gland from copper contaminated sites in the South 
West of England compared with control sites. Glutathione-S-transferase, a potential 
indicator of organic exposure, was also chosen, as it was relatively sensitive in the 
laboratory, GST activity was inhibited in crab gill following exposure to EQSIO of the 
original mixture. 
Several glutathione related assays were carried out in parallel on the same crabs by 
Meigh (for details see Astley et al., 1998). Glutathione peroxidase, an indicator of the 
presence of peroxide molecules, was measured in crab gill. Glutathione reductase, an 
enzyme that catalyses glutathione production which is used in the biotransformation of 
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xenobiotics and other compounds, was measured in gill and haemolymph. Glutathione- 
S-transferase was also measured in haemolymph. 
4.1.2. Sampling and deployment of animals 
Crabs 
The crabs used were all green inter-moult males with a carapace width of between 5 and 
7 cm, they were caught using baited drop nets as described previously in section 3.1.2. 
The crabs for the deployment experiment were caught at the River Avon Estuary in 
Devon (see Figure 4.1) and kept in aerated tanks containing biologically filtered sea 
water, except during transportation. The crabs were transported by transit van in buckets 
containing a small amount of sea water and tissue paper, so that they were wet, but not 
submerged, and able to hide. The buckets were kept cool by placing them in larger 
containers holding cool-packs. The crabs were fed to satiation with squid prior to 
deployment to avoid any additional stress due to starvation. 
Crabs were deployed in cages made of stainless steel mesh with perspex lids. The cages 
measured 80 x 60 x 20 cm and were divided into 8 equal sized compartments to keep 
the crabs separate. Each compartment contained a terracotta flowerpot in which the 
crabs could shelter. The cages were positioned so that they were accessible for 
approximately an hour and a half either side of high tide. Each cage had four extended 
legs which were wedged into the mud so that the cages would move as little as possible 
with the tides and the cages were chained to a suitable rock or pole and labelled. During 
the two week deployment the crabs were fed 2 grams of pure squid flesh twice. After 
two weeks the crabs were removed from the cages, bled and killed. 
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Figure 4.1 A map of the United Kingdom with the different field sites marked. 
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The crabs were bled on site, 100 µl of haemolymph was removed for use in the neutral 
red assay, the rest of the haemolymph was removed for use in the glutathione related 
assays (see Astley et al., 1998). The crabs were subsequently killed and dissected (as 
described in section 3.1.2) and the tissue snap frozen in liquid nitrogen. 
Mussels 
All the mussels used in this experiment were between 4 and 5 cm long. The mussels 
used for deployment were collected from Whitsand Bay, Cornwall (see Figure 4.1). 
They were kept in aerated aquarium tanks except during transportation when they were 
kept on tissue paper, moistened with sea water and placed on ice packs in cool boxes. 
Twenty mussels were deployed in cages made from plastic coated garden netting, 
measuring 40 x 10 x 40 cm, which were attached to the side of the crab cages. After a 
deployment period of 10 days the mussels were taken back to the nearest laboratory (at 
either the University of Leeds or Plymouth) where the neutral red assay was carried out 
and the heart rate monitored. The indigenous mussels were sampled and treated in the 
same way. 
4.1.3. Toxicity tests 
Water samples were taken from the different sites at the same time as the deployed crabs 
were collected for use in the Microtox® and T battagliai LC-50 assays. The taking of 
only one sample from each site to obtain an indication of toxicity is environmentally 
unrealistic for the same reasons, discussed in chapter 1, that it is unrealistic to take only 
one water sample for each site for chemical analysis. One sample was however 
considered better than none in obtaining an indication of the toxicity tests potential 
in 
the field. As it was impractical to carry out the assays immediately after collection, the 
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samples where stored on ice and frozen at -20 °C once back at the laboratory. This was 
done to minimise algal growth, flocculation and general deterioration of the water 
samples. The samples were allowed to thaw at room temperatures before the assays 
were carried out as described in Chapter 2. 
4.1.4. Choice of Field Site 
The site most suitable for the field study was judged according to the following criteria: 
" accessibility: many sites in industrialised estuaries have restricted access and 
permission has to be granted for the deployment and sampling of animals. 
" security: the cages had to be deployed at sites where the likelihood of human 
interference was minimal. 
" water quality: an estuarine site of intermediate toxicity was required so that the water 
was not lethal but was sufficiently toxic to illicit a biomarker response. 
" background information on water quality: as it was beyond the scope of the project to 
assess water quality as well as biomarker responses, it was important that other 
sources of information were available regarding water quality at the field sites. 
" salinity: the water had to be saline at all times so that the organisms were not being 
subjected to additional salinity stress. 
" turbidity: high concentrations of sediment in the water column can irritate the gills of 
crabs and mussels causing additional stress and possibly obscuring any response to 
pollutants. 
" the presence of natural Carcinus maenas and Mytilus edulis populations: natural 
populations were required so that the biomarker responses in indigenous animals 
could be studied and compared with that of the deployed animals. 
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Having considered several estuaries including the Humber and the Severn, the Tees 
Estuary on the north-east coast of England was decided upon as a suitable site for the 
field experiment. In recent years the water quality has improved changing it from a 
chronically polluted estuary to one of intermediate pollution (Murray-Smith et al. 1990, 
Tapp et al. 1993. ). There is a large indigenous population of Carcinus maenas and 
several populations of Mytilus edulis along the estuary. The Environment Agency 
regularly monitor the water quality at several sites along the Tees Estuary, providing 
information on the chemicals present with which the relative contamination at the 
different sites could be assessed. The water is relatively free of sediment and at the 
mouth and lower end of the estuary is marine in character. 
Brief history and description of the Tees estuary 
The Tees Estuary has been an area of high industrialisation since the middle of the 19t" 
century when the first steel works was built. Chronic pollution of the estuary became 
evident in the 1920's and worsened as the iron and steel industries developed. During 
this time the Tees also became home to a variety of petrochemical and chemical 
manufacturing plants. Pollution reached a maximum in the 1970's with a daily 
discharge load of 500 tonnes Biochemical Oxygen Demand (BOD5) from the chemical, 
petrochemical and steel making industries as well as from untreated domestic sewage 
(Environment Agency, 1997). The lower estuary was devoid of many life forms 
previously found there. In the late 1970's Northumbrian water set up a working party to 
address the problem and improve the water quality (Brady et al. 1983). The BOD5 is 
now less than 100 tonnes per day. This is due to the completion of the Portrack Sewage 
Works in 1985, as well as plant closures and improvements in technology and 
management techniques. Consequently the density and diversity of the 
biota in the lower 
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estuary has improved (Environment Agency, 1997), however, the estuary is still highly 
industrialised, the area has the greatest concentration of authorised industrial processes 
in the UK (over 140) and is one of the biggest sources of special waste (Environment 
Agency, 1997). The concentration of chemical and petrochemical industry on the banks 
of the estuary is said to be the greatest in Europe (Davies and Tomlinson, 1991). The 
Tees Estuary is also home to Teesport, the third busiest port in England, 44.6 million 
tonnes of traffic passed through it in 1996 (HMSO, 1997). 
4.1.5. Description of field sites 
Crabs and mussels were deployed inter-tidally at what were considered to be sites of 
differing degrees of contamination along the Tees Estuary as shown in Figure 4.2. and 
described in more detail below. Details of chemical contaminants present at or close to 
the different field sites are given in section 4.2. Crabs and mussels were also sampled at 
several control sites in the north east and south west of England as shown on Figure 4.1 
and described below. The salinity at all the field sites was between 30 and 35 apart from 
the Avon where the salinity ranged from 3 to 20 and the Erme where the salinity ranged 
from 6 to 24. The temperature was within a5 °C range from 18 - 23 °C apart from at the 
Avon where the range was from 14.5 - 20 °C 
Tees estuary sites 
The Gares 
North and South Gare are situated either side of the mouth of the Tees Estuary. Crabs 
and mussels were sampled from both headlands. At North Gare crabs were sampled just 
beyond the estuary off the northern side of the concrete pier facing Hartlepool. The 
mussels were sampled on the southern side of the pier within the estuary 
itself. No 
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Figure 4.2 Detailed map of the Tees Estuary showing the deployment sites (number) 
and the Environment Agency sampling sites (letter). Major industrial sites are shown in 
italics and towns in bold. Field sites: 1, North Gare; 2, South Gare; 3, Hartlepool Power 
Station; 4, Greatham Creek; 5, Tees storage. Environment Agency Sampling Sites: a, 
the Gares; b, Phillips Approach North; c, Phillips Approach South; d, Seaton Snook 
light North; e, Tees control site middle; f, Redcar jetty; g, Smiths docks. 
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animals were deployed at North Gare as it is a popular recreational area and was not 
considered suitably secure. At South Gare crabs and mussels were deployed and 
indigenous crabs caught, courtesy of the RNLI, at the lifeboat station on the northern 
side of the headland within the estuary. Mussels were sampled on the southern, Redcar 
side of the South Gare headland. 
Hartlepool Power Station and Greatham Creek sites at Seal sands 
Seal Sands is a mud flat and nature reserve situated on the Northern side of the Estuary 
where Greatham Creek enters the River Tees. There are two main industrial processes in 
the locality, Tioxide UK Ltd and Hartlepool Power Station, a nuclear power plant. 
Tioxide UK Ltd have one main outflow (NZ 5230 2640) entering Seaton Channel 
which runs through Seal Sands. Details of the consent issued by the Environment 
Agency to Tioxide UK Ltd is shown in Table 4.1. Crabs and mussels were sampled and 
deployed close to where Greatham Creek enters into Seal Sands (called the Greatham 
Creek site). They were also deployed opposite Hartlepool Power Station (called the 
Hartlepool Power Station site) at the tip of the spit of land that separates the Seal Sands 
mud flats from the main river. Unfortunately no crabs greater than 3 cm were sampled 
from this site and no nearby mussel populations were found. Access to the Seal Sands 
nature reserve was granted by the kind permission of English Nature. 
Tees Storage 
The final deployment site was on the northern side of the river opposite Dabholm Gut. 
Access to the inter tidal area was granted by kind permission of Tees Storage Ltd. The 
main outflow from the Bran Sands Treatment Plant (NZ 5162 2409), the treatment 
works for ICI Wilton Chemicals and Polymers Ltd, enters the Tees through Dabholm 
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Permitted Concentrations: 
Substance Daily flow-related Maximum 
composite (mg flow (mg 1-1) 
Suspended solids 300 1000 
Acidity (as CaCO3) 3000 5000 
Iron (as Fe) 150 450 
Vanadium (as V) 20 60 
Chromium (as Cr) 5 15 
Cadmium (as Cd) 0.01 0.03 
Mercury as 0.002 0.006 
Table 4.1 Details of the discharge consents for the Tioxide UK Ltd outfall into Seaton 
Channel. Also permitted are between 100-500kg of chloride per tonne of titanium 
dioxide produced, but the actual amount of chloride depends on the type of ore used. 
Substance Maximum Average Daily Load 
Conc. (nib 1-1) (tonnes da. 1 
__........ _ ------ solids 850 Suspended 
Biochemical Oxygen Demand 
Chloroform (as CHC13) 
Cadmium (as total Cd) 
750 
1.4 
0.015 
0.005 
1.4 
0.5 
0.5 
4.5 
55 
0.1 
Mercury (as total Hg) 
Copper (as total Cu) 
Chromium (as total Cr) 
Zinc (as total Zn) 
Phenol (as total monohydric phenol) 
Ammoniacal nitrogen (as N) 
Free cyanide (as CN) 
Benzene 
Toluene 
Xylene 
1,2 dichloroethane 
18 
0.45 
4.25 
2 
2.5 
0.7 
0.06 
0.06 
0.06 
Table 4.2 Details of the discharge consent for the Bran Sands Treatment Works outfall 
into Dabholm Gut. Conc., concentration. 
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Gut. Details of the Bran sands consent is given in Table 4.2. The entrance of Dabholm 
Gut into the Tees has been identified as an area of reduced density and diversity of 
benthic fauna linked to increased contamination (Tapp et al. 1993). 
Control Sites 
Several control sites were also used, crabs and mussels were deployed at Robin Hoods 
Bay on the east Yorkshire coast in the north east of England. They were also deployed at 
the mouth of the River Avon and the mouth of the River Erme in Devon, on the south 
west coast of England. Two sets of crabs were deployed at the Avon. A set which had 
travelled to the Tees Estuary and back (known as Avon-travelled crabs) and another set 
which had been maintained in the Aquarium at Plymouth for a week prior to re- 
deployment at the Avon (known as Avon deployed crabs). The purpose of this was to 
assess the effect of travelling on the biomarker responses. The control sites were judged 
to be relatively pristine according to water quality reports (Environment Agency, 1996b) 
and are marked on the map in Figure 4.1. They are all in rural areas with no major 
industry nearby, although, as on all rivers in the south of England there are sewage 
treatment works on both the Erme and the Avon. Crabs and mussels were sampled from 
all these sites except Robin Hoods Bay, where there are no natural mussel populations. 
Mussels were also sampled and deployed at Whitsand Bay, Cornwall. 
4.1.6 Statistical analyses 
The data was analysed using ANOVA, where possible, and compared using the Tukey 
distribution. The Tukey test allows for multiple comparisons and is more rigorous than 
the LSD test used in the analysis of the data from the laboratory experiment. Using a 
more rigorous test will reduce the number of type I errors (finding a statistically 
213 
significant difference when none exists). Differences between sites were found at 95% 
and 99% confidence intervals. The 90% confidence interval was also analysed, to look 
for any potential trends and to avoid type II errors (over looking a statistically significant 
difference that does exist). As with the laboratory results if the data were not normally 
distributed non-parametric statistical techniques were used, and if the variance was 
unequal various data transformations tried. 
4.2. WATER QUALITY AT THE FIELD SITES 
Water quality assessment using chemical analyses was not carried out during the 
experiment as it was decided that one token sample from each site would not give a 
satisfactory indication of the contaminants to which the animals had been exposed. 
Samples would have to be taken throughout the tidal cycle and during the whole of the 
deployment period to obtain a satisfactory integrated assessment of water quality. In 
addition one of the difficulties of environmental chemical analyses of water quality is 
the need to chose only a few pollutants from a list of perhaps dozens of waste products 
and by-products. The quality of the water at the different sites was gauged from 
information available from the Environment Agency and the literature. The purpose of 
the field trial was to see if biomarkers could give an overall indication of water quality, 
not to relate biomarker responses to specific contaminants. 
Water is regularly sampled and analysed by the Environment Agency at several sites 
along the Tees Estuary (see Figure 4.2) and also, although less frequently and not as 
comprehensively, at the control sites. The range of concentrations of chemical 
contaminants present in Environment Agency water samples taken between May and 
October at the Tees Estuary sites are displayed in Table 4.3. The concentrations of 
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contaminants varied from time to time, sometimes by more than a factor of 20, 
emphasising the inadequacies of just taking one water sample with which to assess 
water quality. For example, the concentration of lead detected at the Phillips Approach 
South sampling site had a minimum concentration of 2.5 µg 1"1 and a maximum 
concentration of 53.6 µg 1"1. The concentration of contaminants was generally greatest at 
the Redcar jetty and Smiths docks sampling sites (nearest to the Tees storage field site) 
followed by the Greatham Creek sampling sites (near the Greatham Creek and 
Hartlepool Power Station field sites). The lowest contaminant loading was usually 
detected at the Gares. The concentrations of contaminants entering the Tees from two of 
the main effluent discharges, ICI Wilton and Tioxide Ltd, during the deployment period 
are detailed in Table 4.4 a and b. The results are from Environment Agency analyses of 
samples taken at the mouth of the outflow pipes. 
General assessments are also made by the Environment Agency of overall biological 
and chemical water quality in all of the larger UK rivers and streams. All of the rivers 
entering into the control sites were graded A, very good or B, good. The rivers entering 
the Tees were graded C, satisfactory (Environment Agency, 1996). Beaches are also 
assessed by the Environment Agency for bathing water quality. The beach at the Avon 
and Whitsand Bay met the guideline coliform and faecal streptococci standards, the 
Erme, Robin Hoods Bay and North Gare met the lower mandatory coliform standards 
(Environment Agency, 1995). 
In addition to the information available from the Environment Agency a literature search 
on Tees water quality was carried out. Details of chemical water quality 
from surveys at 
sites on the Tees Estuary, near to the field sites, 
found in the literature is given in 
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Table 4.5. Blackburn and Waldock (1995) found high concentrations of alkylphenols on 
the Tees and the Mersey but found concentrations to be low in most of the other 
estuaries sampled (such as the Tyne, Blyth, Poole Harbour and Southampton Water). 
Dawes and Waldock (1994) showed a pollution gradient at the Tees with an increase in 
concentrations of volatile organic compounds towards the inner estuary. They found that 
organic compounds were below detection limits at most of the remote sites monitored 
(Tweed, Moray Firth, North Minch) and at some sites expected to be polluted (Bristol 
Channel, Swansea Bay). Law et al. (1997) detected a similar pollution gradient from the 
mouth to the inner estuary when measuring PAHs on the Tees. They found lower 
concentrations of PAHs elsewhere, for example in Plymouth Sound. 
Tapp et al. (1993) found a decrease in the number of benthic species going from the 
Gares toward Dabholm Gut, which they linked to increased contaminant loading. Hardy 
et al. (1993) counted species of macroalgae and found that there were significantly less 
near the British steel Redcar Works (NZ 543234), than at south Gare for both 
red/brown, and blue/green algae. Hall et al. (1996) analysed 26 sites along the estuary 
and arranged them into differentially contaminated groupings, samples taken near the 
Tees Storage site fell into the group containing the most contaminated sites while 
samples from the Gares and Greatham Creek fell into groups associated with lower 
levels of contamination. 
The water quality information available on the control sites was not as detailed, but as 
the water quality according to the grading system used by the Environment Agency was 
either grade A or B, excellent or very good, they are almost certainly less contaminated 
than any of the Tees Estuary sites. 
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4.3 BIOMARKER RESULTS 
The mean and standard deviation (or median, maximum and minimum for neutral red 
retention time, as the data is not normally distributed) of all the biomarker results from 
the different sites is displayed on Table 4.6. The results that are significantly different 
from the majority of controls are highlighted with one arrow and those that are 
significantly different from most of the other sites are highlighted with two arrows. The 
results of the crab blood and gill glutathione peroxidase, blood glutathione-S-transferase 
and gill glutathione reductase activities at the different sites from Astley et al. (1998) are 
displayed in Table 4.7, significantly different values are similarly highlighted with 
arrows. The cage containing crabs which was deployed at the River Erme was 
vandalised and so there are no data for deployed crabs from that site. 
4.3.1 Mussel heart rate 
Box and whisker plots of the heart rates of the deployed and indigenous mussels at the 
different field sites are shown in Figure 4.3 and 4.4 respectively. The mussel heart rate 
results in the field do not follow the same pattern as those observed in laboratory 
experiments. In laboratory experiments the mussel heart rates were suppressed on the 
addition of contaminants. In this field experiment the heart rate at the Tees Estuary sites 
appeared to be faster than the heart rates in mussels from the control site. The heart rate 
data were transformed using the loglo transformation prior to statistical analyses to 
reduce the variance between sites. No statistically significant differences were observed 
between indigenous and deployed mussel heart rates at any one site. 
An increase in heart rate in the deployed mussels at all the Tees sites (Hartlepool Power 
Station, Tees Storage, Greatham Creek and South Gare) was observed compared with 
220 
Q 
JD +J 
ý 
Q. 
a. ý 
ÜP 
ýX 
'd «i 
N 
ýý 
..., 
Cý ý'ý.. 
Q .. 
V+1 
Cýj 
r 
Lz: Q 
0 
C 
Cý 
bA 
L 
C 
Q 
COO 
00 
m 'ý Cý M 
+1 ýI +1 +1 -I +I +1 
00 00 kn d- "1-4 oN 
ý, MM 'ýt MNMNM 
kr) 00 \c (A 
CO ch O 
+I I 
I 
+I 
00 0o mal' 01 
00 `O 
M 'ý ^, + N Ö Ö Ö Ö -. 
ÖO Öý 
NNN 
OO tr) vn 
OOOO 
00 O "--" rl- ýo ýo -t N \O 
M 00 NM 
+1 1-I +1 +1 i 00 to to ON -NM 
ct 0\ O 01 Iý Imo. O cN 00 
NNN r--ý 'ý NNNO 6ÖÖ6ÖÖ6ÖÖ 
O pý -4 -9 -iý -4 
OÖ 
ýýOÖ Off, ýÖý ý', 
kn kn kn Czý 
I` .- r-+ MOM 
r. 100 00 00 00 -- 110 00 tl- 00 t-I 00 00 00 h 
ÖO Ö Öý N cOýj O 
ý' 
O O O ýj ý' 
Zzý 
k k t k 
O O O O O N O 
n 
N O O tr) 
n 
l` 
o 
h 
n 
N 
Oý O\ Oý - '_ ^+ ýO ýO 'ý M M N 
M M 
+1 
0O 
'HH 
M 
+1 -1 -H 
r---4 +1 
M 
+1 
IC 
+1 
ý 
1-J 
h 
+1 
N N N CN N N M M M N N M Mj 
00 co 00 00 00 00 - co 00 00 00 00 00 00 00 
II" qqq q-- I I- qq 
-4 -> 
Cý O 
00 
+1 +1 +1 +1 +1 -f-1 +1 +1 
o N . -ý vn o N r-+ 00 CT 00 00 Q1 kf) M M 
C 
O E 
w 
Fd 
0 
cl 
MO 
04 Zz/1 
O 
L 
O 
0 0 CA 
Q 
.ý Q 
L bn 
cý o 4 
u7 E 
Übýý 
,bQ>U 
(A '+ ' 
Q 
`O 
c býA p 
u Cd 
o 'd > vn ö .d ce +-j 
O 
U 
Ln 
r 
°N 
.Z 
0 25 
"°> a) 
a a. '. 4 5e 
a) ri U r-, 
4_a), 
-r. -4 U 
C 
22 9-j-. 
_ 
.° Gn . a) 
O 
hv 
-p. 
3 
Cl. 
221 
Q 
+ý 
ýý 
Q 
iD 
+ 
Q 
cz aý 12, 
l= -2 
ce 
aaLý ý 
S: ý 
Q 
T-4 krl C14 00 19t --q C-s ON 
NN ýlO O l- 00 ON 
' -I H +1 +1 +1 ýy +1 +1 +1 
r-+ 00 N +I N ýt v) N mot' MN ýO N k. D MNN 
to en M4M kti M ýr en ýýi 
-* -)1 +I -) -+ -* 
d- M ON oo O*ý tý ýt a ýn N kn NM ýo NMM "It MhM 
OOOO '-+ 0000000 
+1 1I +1 +1 1- 
+I 'j 
1-I +1 
"--ý ýO c1- 00 vn N-N 00 00 M 
MOO ýO ON ,tt ch ýo "o \O Oý 
N 'r ^+ -NN-- -+ "-4 r-+ 'ý O 
CD 000000000000 
(71 rN CD rn clý c) CD cq 
+i +i +1 H +i +i f 1-I +1 1-II o> v, - 1n rv ýI o0 No>In"" kn olý -O cl\ 00O M in ý. MMM-! ' MeM 
c> OO CD OOOOOOOOO 
4-- -ý 4-- 
ýO 00 d' 'n ýh cn NM 
110 00 00 OMMO [l- 'ý Lr) iý 1ý0 kJ 
I +I +I +1 +I +I +1 +1 +I +I +1 
+I r cn kn V) `o M- Lr N 
(0') 00 In t- OO l`- d ýO 00 --4 N ýO 
r-+ en fn NM tl-) NM Mi "Ih ý-+ fn tl- 
00 00 CO 00 IND ýo N 00 00 00 00 
rzý 
Cý 
z 
O 
O 
ý C ý 
O 
Z (A 
ö 
u 
ö 
b-4 
222 
MU 
ý cßä 
V1 4U) ^ 
5, 
ö 'bO. = -d 0 0U 
O 
bq 
cli 
°O" 
ýýo 
CIJ 
-' 
sä än °ß' i 
3äö 
aý 
r, 
O > 44 
-0 5 . -4 u 
t02 cn 
u-0 u- ; 21U 
ý+ 
U Aý sue4 
0O 
cli 
C) cn 
-q 
9 
U '3 
. 
+. 
JD ý) 
E"y cý Q bA U vD 
Avon 
Erme 
GCreek 
HPStn 
RHBay 
SGare 
TStore 
+ W sand 
1.2 1.3 1.4 1.5 1.6 
Lo iz-10 heart rate 
1.7 
Figure 4.3 Loglo mussel heart rate (in beats minute-') in mussels deployed at several 
sites along the Tees Estuary as well as several control sites (in italics). n is between 6 
and 8; Site abbreviations: W'sand, Whitsand; RHBay, Robin Hoods Bay; SGare, South 
Gare; GCreek, Greatham Creek; HPStn, Hartlepool Power Station; TStore; Tees 
Storage. 
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Figure 4.4 Loglo mussel heart rate (in beats minute-') in mussels indigenous to several 
sites along the Tees Estuary as well as several control sites (in italics). n=8; Site 
abbreviations: GCreek, Greatham Creek; NGare, North Gare; SGare, South Gare; 
W'sand, Whitsand. 
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those deployed at the Avon. There was, however, no difference in the heart rate in 
mussels deployed at the Tees Estuary sites, except South Gare, when compared with the 
other three control sites (Whitsand, Erme and Robin Hoods Bay). Mussels deployed at 
South Gare had significantly higher heart rates than mussels deployed at the Erme and 
Whitsand Bay control sites. Amongst the indigenous mussel populations those from 
North Gare had significantly higher heart rate than all the other mussel populations, 
including those at Greatham Creek and South Gare. A significant increase in heart rate 
was also observed in the South Gare mussels compared with mussels from the Avon, 
Erme and Whitsand Bay control sites. The Greatham Creek indigenous mussel 
population did not have significantly different heart rates to control mussel populations. 
The increase in mussel heart rate at some of the Tees sites relative to some of the control 
sites can probably not be directly attributed to anthropogenic contaminants as the 
increase is not consistent throughout the estuary nor does it relate to the pollution 
gradient. 
4.3.2 Mussel neutral red retention time 
The mussel haemolymph neutral red retention times for the deployed and indigenous 
mussels at the different field sites are displayed as box and whisker plots in Figures 4.5 
and 4.6 respectively, while the actual values are given in Table 4.6. There are no 
significant differences in the retention times of animals deployed at a site compared with 
animals indigenous to that site. Amongst the deployed mussels, all the control's 
retention times were significantly higher than the retention times of the mussels 
deployed at the Tees storage, Hartlepool Power station and Greatham Creek sites. The 
mussels deployed at the South Gare site had a significantly 
lower retention time than the 
mussels deployed at Whitsand Bay but not than the mussels 
deployed at the other three 
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Figure 4.5 Box and Whisker plot of the neutral red retention times (in minutes) in 
mussels deployed at several sites along the Tees Estuary as well as at various control 
sites (in italics). n=8; Site abbreviations: GCreek, Greatham Creek; HPStn, Hartlepool 
Power Station; SGare, South Gare; RHBay, Robin Hoods Bay; TStore; Tees Storage; 
W'sand, Whitsand. 
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Figure 4.6 Box and Whisker plot of the neutral red retention times (in minutes) in 
mussels indigenous to sites on the Tees estuary as well as to several control sites (in 
italics). n=8; Site abbreviations: GCreek, Greatham Creek; NGare, North Gare; SGare, 
South Gare; W'sand, Whitsand. 
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control sites (Erme, Avon and Robin Hoods Bay). Within the Tees Estuary the 
Hartlepool Power station mussels had significantly lower retention times than the South 
Gare mussels but there were no differences amongst the other sites. 
In the indigenous mussel populations statistically significant differences in retention 
times were observed between the Tees Estuary mussels and those from the Whitsand 
and Avon control sites. The mussels indigenous to the Erme control site did not have 
significantly different retention times compared with the Tees mussels. There were no 
statistically significant differences in retention times within the control or Tees Estuary 
populations. Overall the neutral red retention time assay results suggest that along the 
Tees Estuary the mussels deployed at the Tees Storage, Greatham Creek and Hartlepool 
Power station sites appeared to be under the most stress followed by the South Gare 
mussels which were in general more stressed than the controls. 
4.3.3 Crab neutral red retention time 
The mean neutral red retention time for the deployed and indigenous crabs at the 
different sites are shown in Figures 4.7 and 4.8 respectively. The median, minimum and 
maximum neutral red retention times values are shown, along with all the other results 
from the field trial, on Table 4.6. No difference was observed in retention time between 
animals indigenous to a site and those deployed there. The differences between sites 
found using the crab neutral red retention time results were similar to those observed 
using mussels, although the difference between the retention times from control and 
contaminated sites was greater in crabs than in mussels. The crabs indigenous to and 
deployed at the Tees Estuary sites had significantly lower retention times than the 
control (Erme, Avon and Robin Hoods Bay) sites in all 
but one case. The exception was 
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Figure 4.7 Box and Whisker plots of the neutral red retention times (in minutes) in 
haemocytes from crabs deployed at sites on the Tees estuary and several control sites (in 
italics). n is between 6 and 8; Site abbreviations: Avon. T., Avon- travelled; GCreek, 
Greatham Creek; HPStn, Hartlepool Power Station; RHBay, Robin Hoods Bay; SGare, 
South Gare; TStore; Tees Storage. 
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Figure 4.8 Box and Whisker plots of the neutral red retention times (in minutes) in 
haemocytes from crabs indigenous to several sites on the Tees estuary and several 
control sites (in italics). n is between 6 and 8; Site abbreviations: GCreek, Greatham 
Creek; NGare, North Gare; SGare, South Gare; RHBay, Robin Hoods Bay. 
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the crabs deployed at South Gare which were not significantly different from the Avon 
travelled crabs. There was however a significant difference between the South Gare and 
the Avon and Robin Hoods Bay deployed crabs. No statistically significant differences 
were observed between the different Tees Estuary crabs in either of the groups, 
indigenous or deployed. 
4.3.4 Crab gill metallothionein 
The results in Table 4.6. show there was no induction in metallothionein apart from in 
the two groups of crabs deployed at the Avon. In the crabs deployed at the Avon which 
had not travelled to the Tees this difference was statistically significant. The difference 
between the travelled Avon crabs and all the other sites was not statistically significant 
due to the high standard deviation. 
4.3.5 Crab gill glutathione-S-transferase activity 
The results for the glutathione-S-transferase activity in the deployed and indigenous 
crabs are shown as box and whisker plots in Figure 4.9 and 4.10. In the deployed 
animals a significant decrease in GST activity was seen in the crabs deployed at the Tees 
Storage site compared with the crabs deployed at all the other sites (control and Tees). 
No other differences were observed amongst the deployed crabs at any of the other site. 
In the indigenous crab populations the Greatham Creek and South Gare crabs had 
significantly lower gill GST activities than the crabs from the Avon (p<0.05). No 
difference was observed in gill GST activities between any other sites. As GST activity 
in crabs from the Greatham Creek and South Gare sites was not significantly different to 
activities in crabs from any of the other control sites, the 
difference that was observed 
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Figure 4.9 Box and Whisker plots of the gill glutathione-S-transferase activity (in i. mol 
min-1 mg-1 protein) in crabs deployed along the Tees estuary and several control sites (in 
italics). n is between 6 and 8; Site abbreviations: Avon. T. - Avon re-deployed crabs that 
have travelled to the Tees estuary and back; GCreek, Greatham Creek; HPStn, 
Hartlepool Power Station; SGare, South Gare; RHBay, Robin Hoods Bay; TStore; Tees 
Storage. 
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Figure 4.10 Box and Whisker plots of the gill glutathione-s-transferase activity (in 
µmol min-1 mg-1 protein) in crabs indigenous to the Tees estuary and several control 
sites (in italics). n is between 6 and 8; Site abbreviations: GCreek, Greatham Creek; 
NGare, North Gare; SGare, South Gare; RHBay, Robin Hoods Bay. 
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between the Avon and the Tees crabs may be due to some factor other than 
anthropogenic contamination. 
When the GST activity in indigenous and deployed crabs at the same sites was 
compared, the crabs deployed at the Avon were found to have significantly lower 
enzyme activity (p<0.01) than the indigenous Avon crabs. There were no differences 
between deployed and indigenous crabs at any of the other sites. 
4.3.6 Crab and mussel mortality 
Apart from the biomarkers measured, the number of deployed animals that had died 
during the deployment period was noted. At the Tees storage site one out of 8 crabs died 
and 1 out of 20 mussels; at the Greatham Creek site 3 out of 23 mussels died and 1 out 
of 19 mussels died at the South Gare site. There where no deaths at any of the other 
sites. 
4.3.7 Antioxidant glutathione biomarkers 
The results of the antioxidant glutathione biomarkers carried out by Meigh (see Astley 
et al., 1998): blood and gill glutathione peroxidase; blood glutathione-S-transferase and 
gill glutathione reductase activities in tissue from the same crabs are displayed in Table 
4.7. Statistically significant increases in blood GST activity was observed in the 
deployed crabs at the Avon and Tees storage sites compared with the majority of the 
control sites. In contrast a decrease was observed in indigenous crabs 
from Greatham 
Creek. The Tees storage deployed crabs also showed a significant reduction in 
glutathione peroxidase activity compared with rest. In the gill tissue no 
differences in 
glutathione reductase activity was observed 
between the sites. Gill glutathione 
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peroxidase activity was depressed in crabs deployed at the Avon and in the Tees storage 
crabs and also in crabs indigenous to North and South Gare. 
4.4. TOXICITY TEST RESULTS 
The Microtox® assay failed to distinguish between the water samples from any of the 
sites. The Tisbe battagliai LC-50 assay, showed increased mortality after 24,48 and 96 
hours in water samples from the Tees Storage site, compared with other sites and with 
biologically filtered sea-water and instant ocean controls (see Table 4.6). There was also 
a significant increase in mortality in Tisbe battagliai in water from the Greatham Creek 
site after 48 and 96 hours. In both cases the mortality was not 100%, nor was there any 
mortality in water from the sites diluted to 20% with instant ocean. There was a slight 
increase in mortality in the Hartlepool Power Station water after 96 hours but it was not 
statistically significant. None of the other water samples showed any toxicity to the 
copepods. 
4.5 DISCUSSION 
Neutral red retention time 
The most sensitive technique used was the neutral red retention time assay. The assay 
appeared to be more sensitive in crabs than mussels, with a greater difference between 
control and contaminated site retention times in crabs. Mussel haemolymph is more 
robust than that of crabs, crab haemolymph requires both saline and anti-coagulant to 
maintain viable cells whereas mussel haemolymph only requires saline. It is possible 
that the more robust mussel haemocytes are less sensitive to contaminants. Wederburn 
et al. (1998) also found the neutral red retention time assay in crabs to be sensitive to 
environmental contamination in a field study around the South West coast of 
England. 
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Neutral red retention time in mussel haemolymph has been successfully used in field 
trials in the Black Sea (Wedderburn, 1998), Tolo Hadrbour, Hong Kong (Cheung et al., 
1997) and the Venice Lagoon, Italy (Lowe et al., 1995) with reduced retention times 
found in mussels from the more contaminated areas. 
In this study, as in the laboratory experiments, there was no gradient in the level of 
response in either crabs or mussels. Lowe et al. (1995) in the Venice Lagoon field study, 
using the mussel Mytilus galloprovincialis, detected a similar all or nothing response. 
The mean neutral red retention time in mussel haemocytes from all the Venice Lagoon 
sites were between 0 and 33 minutes and between 120 and 180 minutes for the control 
sites. This suggests that neutral red retention time in haemolymph cells are possibly best 
used as general bimodal indicators of environmental stress. Other species or tissues have 
been shown to be more discerning, for example the neutral red retention time in 
hepatocytes from dab (Limanda limanda) sampled along a pollution gradient in the 
German Bight divided the sites into three differentially contaminated groups (Lowe et 
al., 1992). 
Crab Metallothionein 
The field trial revealed no differences in gill metallothionein concentrations amongst 
crabs caught at the six different field sites. An increase in metallothionein 
concentrations was however, observed in the two sets of crabs deployed at the Avon 
compared with the indigenous Avon crabs and all the other deployed crabs. The 
indigenous Avon crabs were sampled prior to the deployment period. The induction of 
metallothionein in the Avon deployed crabs is unlikely to have been caused 
by industrial 
pollution as there is no major industry in the vicinity; neither was 
it due to caging stress, 
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as the Avon was the source of all the crabs used in the deployment experiment and no 
difference was observed between the Avon indigenous crabs and those deployed 
elsewhere. The apparently inconsistent GST, MT and GP results may have been 
triggered by the consequences of a period of heavy rainfall in the five days prior to 
deployment (an average of 10.12 mm of rain per day and 1.7 hours of sunshine) 
following three week of sunny weather with very little rain (1.83 mm of rain per day and 
7.7 hours of sunshine) (Meteorology department, IMS, University of Plymouth, 1997). 
The period of heavy rainfall just prior to deployment may have triggered an increase in: 
concentrations of nitrate and phosphates from agricultural run off; effluent loading and 
storm run-off from local sewage treatment works; or increased concentrations of 
naturally occurring phenols from Dartmoor. Dartmoor, the source of the Avon, is a 
natural source of phenols. Concentrations of phenols above EQS concentrations are 
frequently detected in the Avon and as a results the Avon is no longer expected to 
conform set standards (Environment Agency, 1998). 
Metallothionein was not a useful biomarker in this field study as it was not induced at 
any of the contaminated field sites. The sampling of the indigenous crab populations 
suggested that chronic exposure to metals at the concentrations found on the Tees 
estuary does not cause induction in gill tissue. Pedersen et al., (1997) found that crabs 
indigenous to the Fal Estuary, Southwest England, showed elevated gill metallothionein 
concentrations. Concentrations of copper and zinc in sediment from the Fal Estuary are, 
however, significantly greater than those from the Tees. Copper concentrations of 
approximately 2500 mg kg-1 and zinc concentrations of approximately 3700 mg kg-1 
have been recorded in sediment from the most contaminated site on the Fal Estuary 
(Langston et al., 1995; Sommerfield et al., 1994), whereas at the Tees Estuary sites 
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concentrations of copper in sediment detected by Davies and Tomlinson (1991) were 
two orders of magnitude lower, approximately 20 mg kg-1 and zinc one order of 
magnitude lower, approximately 200 mg kg-1. Metallothionein concentration in 
Carcinus maenas may therefore be a useful field tool to indicate chronic metal exposure 
in field situations where metal concentrations are high. 
Glutathione-S-transferase activity 
A decrease in GST activity was observed in crab gill at the most contaminated field site 
(Tees Storage). Glutathione-S-transferase activity in the crab's blood at the same site 
was significantly increased. GST activity has been shown in other experiments to both 
increases and decreases, in the field and laboratory, depending on the species used and 
the pollutants present. Lee (1988) found an increase in Crab GST activity along a 
pollution gradient but no effect in a mesocosm study exposing crabs to oil and copper. A 
comparison between mussel GST activity at polluted and control sites has shown an 
increase at polluted sites (Sheehan et al. 1991, Regoli & Principato, 1995, Fitzpatrick et 
al. 1997), a decrease (Fitzpatrick et al. 1997) and no effect (Livingstone et al. 1995, 
Fitzpatrick et al 1995). The results of this study showed that crab gill GST activity has 
potential as a biomarker. 
Mussel heart rate 
No reductions in heart rate were observed at the mussels deployed at or indigenous to 
the Tees Estuary sites as may have been expected from the results of the laboratory 
experiments. The indigenous mussel populations the populations from North Gare had 
significantly higher heart rate compared with all the other mussel populations which 
were not significantly different from each other. The elevated 
heart rate of the 
238 
indigenous North Gare mussel populations could possibly be attributed to increased 
concentrations of nutrients and organic matter, which are known to increase the 
metabolic activity and hence heart rate of mussels, at this site. Jones and Turki (1997) 
found elevated levels of organic carbon associated with the sediment at a sampling site 
close to the North Gare field site. 
The mussels deployed at the Tees appeared to have slightly, but not significantly, 
elevated heart rates compared with controls. The heart rates observed in this field 
experiment are consistent with heart rates determined in field work previously carried 
out for the Environment Agency by Curtis (Environment Agency unpublished data), 
who recorded similar heart rates in mussels deployed in locations nearby. Curtis also 
found a decrease in heart rate at other, possibly more contaminated, sites on the Tees 
Estuary (ICI North, Simon storage and Teesport). It is possible that the slight increase in 
heart rate may have been due to differences in ambient water temperature amongst the 
sites. Haefner et al. (1996) showed that heart rate correlated with temperature in Mytilus 
edulis, with quite small rises in temperature, 4°C, increasing heart rate by up to 10 beats 
per minute. The results of their experiment can, however, not be considered conclusive 
as only three mussels, all of different sizes, were used in the trial. In this field trial the 
mussels heart rates were recorded at the ambient water temperature which were all 
within a5°C range (from 17.5 to 23 ° C) so temperature may have been having some 
effect. Variations in ambient water temperature is unlikely to have been the major 
reason for the differences observed as when the heart rate was plotted against 
temperature as shown on Figure 4.11 the relationship between the two was not 
statistically significant (p>0.1). Mussel heart rate was not a sensitive 
indicator of 
contamination in this study. 
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Figure 4.11 Graph of mussel heart rate (beats minute-') plotted against the ambient 
water temperature (° C) at which the assay was carried out. Linear regression analysis 
shows that the relationship between the two is not statistically significant p<O. 1. n=8. 
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Toxicity tests 
The Tisbe battagliai LC-50 assay, as in the laboratory exposures, proved to be more 
sensitive to contamination than the Microtox® assay. An increase in T battagliai 
mortality was observed after exposure to water samples from three of the field sites 
whereas the Microtox® assay did not indicate toxicity in any of the samples. The 
relative abilities of the Microtox® bacteria and the T battagliai to assess toxicity in the 
field agrees with the laboratory results. The T battagliai were more sensitive to 
contaminants in the laboratory than the bacteria utilised in the Microtox® assay. 
Comparison of indigenous and deployed animals 
There was generally no significant differences between biomarker results in indigenous 
and deployed crabs, only in the case of gill MT, GST and GP was a significant 
difference seen between the crabs caught at the Avon and the two groups deployed 
there. In mussels no differences were detected between the biomarker responses in 
indigenous and deployed animals at any of the sites. This suggests that there is no 
measurable stress due to transportation and caging for a two week period. The crabs that 
were taken up to the Tees before being deployed at the Avon (Avon-travelled crabs) 
showed the same biomarker responses as the crabs that were caught at the Avon, taken 
to the laboratory and then deployed. This shows that although the biomarker responses 
were different between Avon indigenous and deployed crabs the additional stress of 
travelling to the Tees did not affect the biomarker response. 
Site differences in biomarker and toxicity test responses 
The biomarker that differentiated the most between the control and polluted sites was 
the neutral red retention time assay in crabs followed by the same assay 
in mussels. The 
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other biomarkers did not really distinguish between the two site groupings but lit up at 
individual sites. For example, GST activity was decreased in crabs deployed at Tees 
storage and MT concentrations were elevated in the crabs deployed at the Avon. Of the 
two toxicity tests used the T battagliai assay was the more sensitive, it showed 
increased mortality in water from three of the Tees sites but the Microtox® assay 
showed no difference between any of the water samples taken. 
The Tees Estuary sites can be considered more contaminated than the control sites 
according to the neutral red retention time assay. The Tisbe battagliai and GST assays 
would suggest that there is a pollution gradient along the Tees Estuary, pollution 
increasing from the Gares towards the Tees Storage site. The site assessments based on 
chemical water quality data strongly corroborates such a gradient. The results from the 
dfield trial suggest that biomarkers such as neutral red retention time and GST, have 
potential for use in environmental water quality assessment. Problems do however arise 
in trying to interpret all the information from the biomarker results clearly and 
concisely, especially as some of the results appear somewhat contradictory, for example 
in the Avon deployed crabs. 
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Chapter 5: Pattern recognition of biomarker responses 
5.1 BACKGROUND 
One of the aims of this thesis was to determine whether individual biomarker responses 
are able to give an indication as to the toxicity and type of contaminants in an unknown 
mixture. An additional aim was to examine patterns of biomarker responses to see if 
they could provide further information. The results of the laboratory and field 
experiments confirm the findings of the literature review, that no single biomarker can 
give a comprehensive indication of complex mixture toxicity. The hypothesis was 
therefore tested that a suite of biomarkers and an appropriate statistical technique or 
model could indicate the degree and type of toxicity of a complex mixture. 
Studies using suites of biomarkers or toxicity tests to assess the effects of chemical 
contaminants usually consider the response of each individual technique separately. It is 
much less common to take a holistic view and look at the combined responses of the 
different biomarker assays used. Methods used to assess integrated responses include 
the cumulative biomarker response model of Stein et al. (1993), the risk ranking model 
of Hartwell (1997) and multivariate statistical analysis. 
Stein et al. 's cumulative biomarker response (CBR) is the sum of the normalised 
responses of the biomarkers measured, with highly correlated biomarkers given 
weighting factors so that they do not unduly influence the CBR value. The CBR in 
English sole was successfully used to distinguish between differentially contaminated 
sites in Puget Sound, WA, USA (Stein et al., 1993). Hartwell's risk ranking model aims 
to quantify the degree of concern for the possible presence of toxic contamination as 
opposed to cataloguing the presence or absence of specific toxicants. 
The model 
243 
assesses overall water or sediment toxicity by considering the effects of several 
bioassays. The risk ranking score is obtained from an equation involving the number of 
organisms responding, the severity of the endpoints measured and the variability of the 
responses for a number of bioassays. In order to standardise scores between sites the 
total number of endpoints measured at a site and a consistency factor, based on the 
agreement of the various bioassay endpoints, are entered into the equation. The risk 
ranking model has been successful in highlighting areas of concern in Chesapeake Bay, 
USA (Hartwell, 1997). Hartwell et al. (1997) showed that the risk ranking results of 
sediment toxicity significantly correlated with species diversity in fish communities 
sampled by bottom trawl and it was suggested by the authors that ambient toxicity 
results could be used to predict fish community impairment. 
The models described assessing the integrated effect of biomarker and toxicity test 
response are comparable to biotic and diversity indices such as the BMWP score and the 
Shannon-Wiener diversity index: they condense information to a single value. This is 
useful in that it can easily be understood, but important details may be lost. As in 
community ecology, a much more holistic approach is attained by using multivariate 
analysis. Clarke and Warwick (1994) showed how the Shannon diversity index using the 
macrofauna data of Gray et al. (1988) was able to differentiate between a reference site 
and five polluted sites, along a pollution gradient in Frierfjord, Norway, but not able to 
distinguish amongst the polluted sites. When the same data were analysed using 
multivariate techniques differences amongst the polluted sites were found. 
Multivariate methods are based on the degree of similarity between two or more 
samples. Either explicitly or implicitly, similarity coefficients between pairs of samples 
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are established which enable the samples to be classified or clustered into similar 
groups. The data is then visualised on a tree diagram or mapped on an ordination plot 
(in 2 or 3 dimensions) in such a way that the distance between groups reflects their 
degree of dissimilarity (Clarke and Warwick, 1994). Multivariate analysis has been used 
in conjunction with biomarker responses by Beyer et al. (1996), Machala et al. (1997) 
and Fairbrother et al. (1998). 
Beyer et al. (1996) analysed a suite of biomarker responses from flounder caged in a 
polluted environment using principle component analysis (PCA): a multivariate 
ordination technique based on Euclidean distance between groups. PCA plots of the data 
showed significant differences between two out of three polluted sites and a reference 
site. No statistically significant differences were observed between the third site nor 
were there any differences amongst sites. Machala (1997) used multidimensional scaling 
(MDS), a multivariate ordination technique based on similarity matrices, of biomarker 
responses in carp to distinguish amongst five differentially contaminated ponds. The 
two ponds with the highest concentration of contaminants separated out from the rest as 
did one of the intermediately contaminated ponds. Fairbrother (1998) used multivariate 
analysis and biomarkers responses to differentiate between pesticide treatments in a 
terrestrial field exposure experiment. These studies have shown multivariate analytical 
techniques such as MDS to be flexible and informative providing a clear picture of 
overall effect. Multivariate analysis also gives appropriate weight to results that are not 
statistically significant but may nevertheless be showing some effect. The potential of 
multivariate analysis to recognise patterns of biomarker responses resulting 
from the 
exposure of organisms to different contaminant regimes in the 
laboratory and the field 
was therefore investigated. 
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5.2 MULTIVARIATE TECHNIQUES 
Multivariate analysis was carried out using the PRIMER (Plymouth Routines In 
Multivariate Ecological Research) statistical package, developed for use in the analysis 
of community data, by Plymouth Marine Laboratory, UK. The background to the 
statistical techniques used in the PRIMER package are described in detail by Clarke and 
Warwick (1994). In this work the data generated by the laboratory and field experiments 
using suites of biomarkers are analysed, as opposed to the composition of communities. 
The data were analysed using the CLUSTER, MDS, ANOSIM and SIMPER programs 
in the PRIMER package, details of the computational techniques are given in the 
PRIMER user manual. 
5.2.1 Data Treatment 
The biomarker data were normalised prior to multivariate analysis so that the range of 
response for each biomarker was comparable. The values were entered as a percentage 
of the maximum response value rounded up to the nearest whole number. The error 
associated with this is 0.5%, which is small in comparison with the error associated with 
the individual biomarker responses, around 10%. The data treatment is demonstrated in 
Table 5.1, in which the second column shows the actual GST activity values for eight 
crabs and the third column the values that would be used in the PRIMER program. Data 
were put into a matrix format consisting of p rows (biomarker results) and n columns 
(treatments or sites). Data from the experimental exposure to copper and phenanthrene 
alone and in combination, the original mixture exposure response experiment and the 
ranking experiment and the data from the field trial were all analysed. 
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Crab GST activity Activi as a% 
1 0.131 16 
2 0.096 12 
3 0.181 22 
4 0.796 100 
5 0.391 49 
6 0.286 26 
7 0.407 51 
8 0.258 32 
Table 5.1 GST activity measured in crab gill in (µ mol mg-1 protein min') and as a 
percentage of the maximum values as used in the PRIMER program for multivariate 
analysis. 
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5.2.2 CLUSTER 
The aim of cluster analysis is to find natural groups of samples where samples within a 
group are more similar to each other than to samples in another group. The analysis is 
performed using hierarchical agglomerative methods starting with a similarity matrix, 
first the samples are grouped and then the groups themselves form clusters at lower 
levels of similarity. The results are displayed on a dendrogram. 
As the data had already been transformed into a percentage of the maximum value no 
further transformations were considered necessary prior to cluster analysis. The 
CLUSTER program computed a similarity matrix based on the Bray-Curtis similarity 
coefficient (Bray and Curtis, 1957). The similarity matrix was then subjected to 
hierarchical agglomerative classification using group averaged sorting (Lance and 
Williams, 1967) to classify the treatments or sites based on the biomarker responses. 
5.2.3 MDS 
Multidimensional scaling constructs a map or configuration of the samples in n- 
dimensions which attempts to satisfy the conditions imposed by the similarity matrix. 
The MDS program is a nonmetric multidimensional scaling program based on an 
algorithm (that uses the Bray-Curtis similarity coefficient) which, by an iterative 
procedure, constructs an MDS ordination plot. The position of the points on the plot (in 
a specified number of dimensions, in general 2 for simplicity of interpretation) are 
successively refined, starting from a random position, so that they satisfy, as closely as 
possible, the similarity matrix produced by the cluster analysis (Shepard, 1962; Kruskal, 
1964a; 1964b). The MDS ordination technique was chosen for use in this study as it is 
less rigid than other ordination techniques such as PCA. 
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The goodness of fit of the 2-dimensional plots was measured as stress using Kruskal's 
stress formula 1 (Kruskal and Wish, 1978; Clarke and Green, 1988). A stress value of 
less than 0.05 means the 2-dimensional representation is excellent with little chance of 
misrepresentation. Values less than 0.1 are considered to be good with no real chance of 
misleading interpretations. Values between 0.1 and 0.2 are considered potentially useful 
although the closer the stress value is to 0.2 the less reliance should be placed on the 
plot. Stress values greater than 0.3 are close to being arbitrary and so are of no use at all 
(Clarke and Warwick, 1994). To ensure that the best fit was found the iterative process 
was initialised with at least 25 starting values for each analysis. 
5.2.4 ANOSIM 
To establish whether any differences between treatment groups (or sites), suggested by 
the dendrograms and MDS ordination plots, were statistically significant the ANOSIM 
(analysis of similarities ) permutation test was used (Clarke and Green, 1988; Clarke, 
1993). The test statistic computed by the ANOSIM program compares the differences 
between groups (or sites) with the differences among replicates within a group (or site). 
The ANOSIM test makes very few assumptions about the data, for example it is not 
assumed to be normally distributed, which makes it widely applicable. In this case the 
test is based on the Bray-Curtis rank similarities between samples, but other similarity 
matrices can be used (Clarke and Warwick, 1994). 
5.2.5 SIMPER 
If biomarkers are to be used in the assessment of complex effluents then it is important 
that the most sensitive biomarkers are chosen. To evaluate how much each biomarker 
contributed towards the MDS plot patterns observed, the SIMPER 
(similarity 
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percentages) program was run. The output from the SIMPER program gives a 
breakdown of the contribution of individual biomarkers towards the Bray-Curtis 
similarity measure. The number of times that each biomarker contributed the most, 
through to the least, in discriminating between pairs of groups was recorded for all the 
pairs used in any given analysis. The discriminatory frequency of each biomarker was 
tabulated in order to establish its usefulness in assessing complex mixture toxicity. 
SIMPER is not a statistical test (it is hypothesis generating not hypothesis testing), but 
as is shown in the results section of this chapter, it is useful for exploratory data 
analysis. 
5.3 RESULTS OF MULTIVARIATE ANALYSIS 
The results of applying multivariate analytical techniques to the biomarker data from the 
laboratory exposure experiments and the field data follows. 
5.3.1 Copper and phenanthrene exposure 
The results of multivariate analysis on the data from the crab gill metallothionein, crab 
heart rate, mussel neutral red, the Microtox® 30 minute EC-50 and T battagliai 48 hour 
LC-50 assays, following copper and phenanthrene exposure individually and in 
combination, are shown in Figure 5.1 (dendrogram) and Figure 5.2 (MDS ordination 
plot). These plots both separate out the four different treatment groups, all of which are 
shown to be significantly different from each other at the 5% level using the ANOSIM 
test. 
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Figure 5.1 Dendrogram of the biomarker responses following exposure to copper and 
phenanthrene alone and in combination. The biomarker results used in the cluster 
analysis were Microtox®, T battagliai, crab gill metallothionein, crab heart rate and 
mussel neutral red assays. conl and con 2, two control groups; cu, copper exposure; 
phen, phenanthrene exposure; cuphen, copper and phenanthrene exposure. 
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Figure 5.2 MDS ordination plot (stress = 0.04) of biomarker responses after copper and 
phenanthrene exposure singly and in combination. The plot is based on a similarity 
matrix using the results from the Microtox®, T battagliai, crab gill metallothionein, 
crab heart rate and mussel neutral red assays. conl and con 2, control groups 1 and 2; 
cu, copper exposure; phen, phenanthrene exposure; cuphen, copper-phenanthrene 
exposure. 
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Table 5.2. shows that no single biomarker or toxicity test was always the major 
contributor towards dissimilarity between two exposure groups, nor was any one always 
the least significant contributor. The T. battagliai assay was the most discriminatory 
between any two groups in six out of ten cases. The other four out of ten times the 
biomarker assays, neutral red and crab heart rate, had the most discriminatory power. 
5.3.2 Exposure response experiment using the original mixture 
Cluster analysis and MDS revealed a statistically significant exposure response 
relationship as shown in the dendrogram and ordination plot in Figures 5.3 and 5.4 
respectively. All the exposure groups were significantly different from each other 
(p<0.01) apart from the two highest exposure concentrations where the difference fell 
just short of significance at the 5% level (p = 0.057). The biomarker assays included in 
the analysis were neutral red retention time, metallothionein, heart rate, and GST in 
crabs and heart rate and neutral red retention time in mussels. The mussel neutral red 
assay was not carried out at the high concentrations used in the crab assays as the 
mussels died, so for the purpose of the multivariate analysis, the retention time was 
taken to be zero. The inclusion of the mussel biomarker results enables the lower 
exposure concentrations of the original mixture to be distinguished from the higher. 
When the analysis was carried out using just crab biomarker results, the only statistical 
difference found was between the control and exposure groups, with no differentiation 
between the exposure concentrations. 
5.3.3 Multiple mixture assessment experiment 
The variation in biomarker and toxicity test response according to the contaminants 
present in a mixture, was represented succinctly in both a dendrogram (Figure 5.5) and 
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Biomarker Discriminatory 
Power 
1 2 3 45 
Microtox® EC-50 6 2 2 
T battagliai LC-50 6 1 2 1 
Mussel neutral red retention time 3 3 2 11 
Crab gill metallothionein 1 2 52 
Crab heart rate 1 
-- ---- 
2 
-- --------- ------ 
43 
Table 5.2 The frequency with which each biomarker contributes the most (1 is the 
maximum contribution) to the least (5 is the minimum contribution) towards the Bray- 
Curtis dissimilarity coefficient following exposure to copper and phenanthrene alone 
and in combination. 
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Figure 5.3 Dendrogram of the biomarker responses in crabs and mussels after exposure 
to the original mixture. The results from the neutral red, metallothionein, heart rate, and 
GST assays in crabs and the heart rate and neutral red retention time assays in mussels 
were used in the cluster analysis. con, control; low, low exposure group (EQS, o); med, 
medium exposure group (EQS32); high, high exposure group (EQS, oo). 
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Figure 5.4 MDS ordination plot (stress = 0.07) of biomarker responses after exposing 
crabs and mussels to the original mixture. The similarity matrix uses the results from the 
neutral red, metallothionein, heart rate, and GST assays in crabs and heart rate and 
neutral red assays in mussels. c, control; 1, low exposure group (EQSIO); m, medium 
exposure group (EQS32); h, high exposure group (EQStoo). 
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Figure 5.5 Dendrogram of biomarker and toxicity test results after exposure to five 
different complex mixtures. Cluster analysis was carried out on the responses of the 
Microtox® and Tisbe battagliai toxicity assays and the neutral red retention time, BFLV 
and heart rate biomarker assays in mussels. con - control groups; cuphen - copper and 
phenanthrene; orig - original mixture; org - organic mixture; met - metal mixture and 
orgmet - organic and metal mixture. 
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Figure 5.6 MDS ordination plot (stress = 0.09) of biomarker responses after exposure 
to five different complex mixtures. The results from the Microtox®, T. battagliai, 
mussel heart rate, neutral red and lysosomal enlargement assays were used to create the 
similarity matrix. con, controls; cuphen, copper-phenanthrene; orig, original mixture; 
org, organic mixture; met, metal mixture; orgmet, organic and metal mixture. 
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an MDS plot (Figure 5.6) following multivariate analysis. The dendrogram and MDS 
plots represent schematically the division of the exposure mixture into four statistically 
significantly different groups; control, organic only, metal only and metal and organic. 
In the MDS plot, the three exposure groups were all approximately equidistant from the 
control group, suggesting that there was no difference in absolute toxicity, but the 
difference in response according to the contaminants present in the exposure mixtures 
was identified. 
The relative contribution of each biomarker in distinguishing between pairs of 
treatment groups is displayed in Table 5.3. The results show that there was no single 
biomarker that was always the major cause of dissimilarity between any two groups. 
The assay that most frequently made the greatest contribution in distinguishing between 
groups was the Microtox® assay. This was followed by the heart rate assay and then the 
T. battagliai and neutral red assays. The BFLV assay rarely played an important part in 
distinguishing between groups and should probably not be included in any future work 
of this type. 
5.3.4 Field Trial 
The dendrograms and MDS plots for the combined biomarker results from the deployed 
and indigenous animals used in the field trial are shown in Figures 5.7 to 5.12. In order 
to simplify the visualisation of the results and reduce the distortion of the plot, the 
averaged data of all the animals for each individual biomarker at the different sites was 
used, as opposed to looking at all the replicas for each site. If the MDS program is run 
on all the data for the deployed and indigenous crabs (Figures 5.9 and 5.12 respectively) 
the stress, which is a measure of the accuracy of the results, is 0.18 and 
0.17. These 
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Biomarker Discriminatory 12345 
Power 
Microtox® EC-50 94 2 
T. battagliai LC-50 12 3 72 
Neutral red retention time 4 8 3 
Lysosomal enlargement, BFLV 2 13 
Heart rate 55 2 3 
Table 5.3 The number of times each biomarker contributes the most (1 is the maximum 
contribution) to the least (5 is the minimum contribution) towards the Bray-Curtis 
dissimilarity coefficient following exposure to five different complex mixtures and 
compared with controls. 
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Figure 5.7 Dendrogram of the averaged biomarker responses in animals deployed at the 
field sites. Biomarkers used in the cluster analysis were crab gill metallothionein, GST, 
glutathione peroxidase and glutathione reductase, crab haemolymph GST, neutral red 
retention time and glutathione peroxidase and mussel heart rate and haemolymph neutral 
red retention time. 
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Figure 5.8 MDS plot (stress = 0.00) based on a similarity matrix using the averaged 
individual biomarker responses in animals deployed at the different field sites. Sites 
within the same circles are not significantly different from each other. The biomarkers 
used were metallothionein, GST, glutathione peroxidase and glutathione reductase in 
crab gill; GST, neutral red retention time and glutathione peroxidase in crab 
haemolymph and mussel heart rate and haemolymph neutral red retention time. Avon 
(tr), Avon-travelled; R. H. Bay, Robin Hoods Bay; T. Store, Tees storage; H. P. Stn, 
Hartlepool Power Station, G. Creek, Greatham Creek; S. Gare, South Gare. 
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Figure 5.9 MDS plot (stress = 0.18) based on a similarity matrix using the biomarker 
responses in animal deployed at the different field sites. Sites within overlapping circles 
are not significantly different from each other. Biomarker results used in the analysis 
were gill metallothionein, GST, glutathione peroxidase and glutathione reductase in crab 
gill; GST, neutral red retention time and glutathione peroxidase in crab haemolymph 
and mussel heart rate and mussel haemolymph neutral red retention time. A, Avon; AT, 
Avon travelled; RB, Robin Hoods Bay; T, Tees storage; HP, Hartlepool Power Station; 
GC, Greatham Creek; SG, South Gare. 
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Figure 5.10 Dendrogram based on cluster analysis of the averaged individual biomarker 
responses in indigenous crabs from the different field sites. Biomarkers used were 
metallothionein, GST, glutathione peroxidase and glutathione reductase in crab gill; 
GST, neutral red retention time and glutathione peroxidase in crab haemolymph. 
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Figure 5.11 MDS plot (stress = 0.00) based on a similarity matrix using the averaged 
indigenous crab biomarker responses at the different field sites. Sites within the same 
circles are not significantly different from each other. Biomarkers used were 
metallothionein, GST, glutathione peroxidase and glutathione reductase in crab gill; 
GST, neutral red retention time and glutathione peroxidase in crab haemolymph. 
R. H. Bay, Robin Hoods Bay; G. Creek, Greatham Creek; SG, South Gare; N. Gare, North 
Gare. 
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Figure 5.12 MDS plot (stress = 0.17) based on a similarity matrix of the biomarker 
responses in indigenous crabs from the various field sites. Sites within the same circles 
are not significantly different from each other. Biomarkers used were metallothionein, 
GST, glutathione peroxidase and glutathione reductase in crab gill; GST, neutral red 
retention time and glutathione peroxidase in crab haemolymph. A, Avon; E, Errne; RB, 
Robin Hoods Bay; GC, Greatham Creek; SG, South Gare; NG, North Gare. 
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levels are at the upper limit of reliability for an accurate 2-dimensional description of 
the data. The ordination plots using all the data shows the same grouping of the different 
sites as the plots using the averaged data (Figures 5.8 and 5.11), although the 
visualisation of the results is less clear. Averaged data were therefore used for the MDS 
plots of the sites in order to reduce the stress and enhance the clarity of the plots. 
The dendrogram and MDS plots for the deployed crabs using the averaged site data 
(Figures 5.7 and 5.8) separate the sites into control (Robin Hoods Bay and the two Avon 
groups) and Tees Estuary sites. Within the Tees estuary the Greatham Creek and 
Hartlepool Power Station sites form a separate group from the Tees Storage site. This is 
supported by results from the ANOSIM analysis of all the data: the Greatham Creek and 
Hartlepool Power station sites are shown not to be significantly different from each 
other but are both significantly different from the Tees Storage site. The South Gare site 
is not significantly different from any of the other Tees sites nor is it different from one 
of the Avon groups. The fact that the South Gare sites is not different from one of the 
control sites suggests that it may be of intermediate toxicity compared with the other 
Tees sites. 
The results of the cluster and MDS analyses, dendrogram and ordination plot, using the 
data from the indigenous crabs, are shown in Figures 5.10 and 5.11; the mussel data was 
not used as there were no mussels found at Robin Hoods Bay. The sites differentiate 
neatly into two groups control, and Tees Estuary, but along the Tees Estuary distinctions 
between sites are less obvious from the dendrogram and MDS plot. Further analysis, 
however, showed statistical differences between the Greatham Creek sites and the South 
Gare site. The analysis was repeated including the indigenous mussel data, and therefore 
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excluding the Robin Hoods Bay site. The results still showed no significant difference 
between the two control sites, Erme and Avon, but the Greatham Creek site was now 
significantly different from both the South Gare and North Gare, sites which were not 
significantly different from each other. The inclusion of the mussel data therefore 
improves the discriminatory capacity of the technique. 
The results of the SIMPER analysis (see Table 5.4a and b) showed that the neutral red 
retention time assay was best at discriminating between sites. In indigenous crab 
populations (see Table 5.4a) the next most discriminatory assays were gill glutathione 
reductase activity, haemolymph and gill glutathione-S-transferase activity and 
haemolymph glutathione peroxidase activity. The least sensitive were the glutathione 
peroxidase assay in haemolymph and the metallothionein assay in gill. For the 
multivariate analysis of the deployment experiment, both mussel and crab data were 
used. The next most discriminatory assay, following the neutral red retention time 
assays, in the deployed animals (see Table 5.4b) was GST activity in crab gill. The 
metallothionein assay was the major contributor in distinguish between one pair of sites. 
The least discriminatory assay was mussel heart rate. The other glutathione assays were 
of limited use in discriminating amongst the deployment sites. 
5.4. DISCUSSION OF MULTIVARIATE ANALYSIS 
The use of biomarkers and toxicity tests in conjunction with multivariate analysis 
enabled treatment groups to be separated out clearly. The five complex mixtures used in 
the multiple mixture assessment experiment were divided into groups according to the 
type of contaminants present; the organic chemical mixture, the metal mixture and the 
metal and organic chemical mixtures. When the individual biomarker responses were 
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Biomarker Discriminatory 12 
Power 
3 4 5 6 7 
RT 12 2 1 
GST Blood 3 2 4 5 1 
GP Blood 7 6 1 1 
GST Gill 2 2 4 5 1 1 
GP Gill 2 2 7 4 
GR Gill 33 3 3 1 2 
MT Gill 1 4 10 
Table 5.4a Indigenous Crabs 
Biomarker Discriminatory 1 2 3 4 5 6 7 8 9 
Power 
_. __. ____. ____. _...... _.... _... __..... _... _.... _.. __... __... . . . _ _. _. Crab RT 9 5 .... ...... ....... .... ... .... __. ___. _ . _.... _....... ___w ......... ....... _... .. _........ . __. 1 _ 
Crab GST Blood 1 4 3 5 2 
Crab GP Blood 2 2 1 6 4 
Crab GST Gill 5 2 4 3 1 
Crab GP Gill 3 3 2 2 4 1 
Crab GR Gill 5 4 2 2 1 1 
Crab MT Gill 1 2 1 1 4 6 
Mussel RT 5 3 2 1 3 1 
Mussel HR 1 6 8 
Table 5.4b Deployed crabs and mussels 
Tables 5.4a and b The results of SIMPER analysis on the indigenous and deployed 
animal biomarkers used in the multivariate analysis. The table lists the number of times 
each biomarker was the main cause (positionl) to the least cause (position 7 or 9) in 
identifying dissimilarity between sites. RT, neutral red retention time; GST, glutathione- 
S-transferase; GP, glutathione peroxidase; GR, gluathione reductase; MT, 
metallothionein; HR, heart rate. 
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considered the grouping of the mixtures according to contaminant type was less 
obvious. The ability to divide mixtures into contaminant type would be a useful tool in 
assessing the cause of toxicity, especially in the analysis of unknown effluents. 
A single industrial product may have many highly related by-products. The 
identification of all these by-products by chemical analysis frequently fails. It has 
therefore been recommended that groups of contaminants with similar chemical and 
toxicological properties, such as related organohalogens compounds produced by the 
PVC industry, be aggregated for regulatory and analytical purposes (Johnston et al., 
1994). If biomarkers were able to identify contaminant groups causing toxicity 
adjustments could be made to the manufacturing process, to reduce the concentrations 
of the appropriate product and therefore also its associated aggregate of toxic by- 
products, thereby reducing effluent toxicity. 
Multivariate analysis of the data from the exposure experiments to copper and 
phenanthrene, alone and in combination, separated out the three treatment and control 
groups and gave an indication of the relative toxicity of the different treatments. The 
ordination plot shows that the responses after copper-phenanthrene exposure are closest 
to the responses after exposure to copper alone. On the dendrogram (Figure 5.1) one 
copper-phenanthrene exposure group is in fact placed alongside the copper exposures. 
The similarity of the combined biomarker and toxicity test responses to copper and 
copper-phenanthrene exposure is clearly demonstrated. The fact that the copper- 
phenanthrene group are slightly further away from the controls than the copper group on 
the ordination plot suggests that, overall, exposure to a mixture of copper and 
phenanthrene is slightly more toxic than exposure to copper alone. 
The control and 
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phenanthrene exposure groups are near each other on the dendrogram and plotted close 
to each other on the ordination plot. This shows that phenanthrene alone is having less 
toxic effect than the other two treatments. The effect is, however, significant, as the 
combined phenanthrene exposure results are significantly different to the controls. 
These results all support and display concisely the information that can be inferred by 
considering all the individual biomarker and toxicity test data. 
The ability of multivariate analysis to improve upon the overall discriminatory capacity 
of the biomarker techniques was also shown when the results of the original mixture 
exposure response experiment were analysed. The three different initial exposure 
concentrations of the original mixture separated out into two statistically distinct groups; 
the low exposure group which was significantly different from the medium and high 
exposure groups which were just not statistically different (p = 0.057) from each other. 
The higher the exposure concentrations to the original mixture were, the further away 
from the control they were placed on the MDS ordination plot and the greater the 
distance on the dendrogram, emphasising their increased toxicity. 
The MDS plots did not indicate any difference in absolute toxicity amongst the five 
complex mixtures used in the multiple mixture assessment experiment. This may be 
because the exposure concentrations of all the different mixtures used in the ranking 
experiment were based on multiples of EQS and the initial exposure concentration of 
each mixture was always the same for each of the biomarkers used. Assuming EQS are 
based on comparative levels of toxicity there should not be any difference between the 
mixtures. The fact that differences were observed using MDS and biomarkers, again 
highlights the need for more biological monitoring to complement existing methods. 
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In the field experiment, the grouping of the sites, using multivariate analysis agreed with 
the general divisions made using the chemical data, the Tees Storage sites having the 
highest concentration of chemicals present, especially organic chemicals, followed by 
the two Seal Sands sites, Hartlepool Power Station and Greatham Creek, then the Gares. 
The biomarker and multivariate divisions not only corresponded well with the 
environmental data available, but also divisions made using multivariate analysis and 
community structure by Tapp et al. (1993). 
The use of multivariate analysis on the field data also provided a much simpler way to 
display the results: it is much easier to visualise differences on an MDS plot and a 
dendrogram than seven different graphs. The anomalous results observed at the Avon 
did not affect the final grouping of the sites, showing the usefulness of multivariate 
analysis in filtering out noise associated with individual biomarkers. Multivatiate 
analysis has similarly been shown to reduce the noise associated with fluctuation in the 
population of a single species (Clarke and Warwick, 1994). The differences between the 
Avon deployed animals and the other sites was, however, not ignored on the MDS plots, 
the two Avon deployed sites were plotted some distance away from the other control 
site, Robin Hoods Bay. 
The discriminatory power of the different assays can be seen on the results tables from 
the SIMPER analysis. The tables emphasised the importance of not relying on any one 
technique. The fact that a number of different assays were the most discriminatory 
between treatment pairs in any one experiment stressed the usefulness of a suite of 
different techniques. The toxicity tests were shown to be good at distinguishing between 
treatments, or sites, but they were not always the most sensitive or discriminatory. The 
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neutral red retention time and heart rate assays were also shown to be successful at 
discriminating between pairs of treatments. 
In the laboratory multiple mixture assessment experiment, the SIMPER table does not 
reflect the relative sensitivity of the different techniques, as the initial exposure 
concentrations were different for each assay. The neutral red and T battagliai assays, 
although not the best at distinguishing between groups were better at indicating toxicity: 
they were more sensitive than the Microtox® and heart rate assays. If all the initial 
exposure concentrations are the same, then the SIMPER table will give an idea as to 
sensitivity and discriminatory ability. In future work, SIMPER tables can be used to 
ensure that the most sensitive assays are chosen, as the greater the sensitivity of the suite 
of assays the more powerful multivariate analysis and biomarkers are as a monitoring 
tool. This point is exemplified by the increased ability to distinguish amongst the Tees 
sites if the mussel data is included in the multivariate analysis of the indigenous animal 
data. 
If biomarkers and multivariate analysis are to be used as a monitoring tool the final suite 
of techniques chosen should include the more sensitive of the techniques tested (neutral 
red retention time and GST activity) as well as possibly some more sensitive 
contaminant specific methods. The organisms used need not be restricted to crabs and 
mussels; other organisms such as fish and worms would properly enhance the overall 
sensitivity of the results. 
The analysis of the data from the different laboratory experiments using multivariate 
techniques allowed the data to be displayed in a comprehensible way that could easily 
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be related back to the composition of the exposure solutions. A measure of the relative 
toxicity was also attained by comparing the distance of the exposure groups from the 
control. In the field, biomarkers and multivariate analysis were able to distinguish 
between control and contaminated sites and give an indication as to the degree of 
contamination. In order to refine the discriminatory ability of the technique, more 
sensitive biomarkers can be used. An idea as to the most suitable and sensitive 
biomarkers for inclusion in future work can be ascertained using the frequency tables 
displaying the results of the SIMPER analysis. The use of multivariate analysis in 
combination with a suite of biomarkers is a valuable tool in the assessment of complex 
mixtures in the laboratory and of contamination levels in the field. 
5.5 BIOMARKER RESPONSE CURVE 
The results from the field trial were also investigated from another combined biomarker 
response perspective, by considering the response thresholds of the different biomarker 
techniques and toxicity tests in the laboratory experiments. 
5.5.1 Biomarker response curve method 
The minimum concentration at which the different biomarkers responded after exposure 
to copper and phenanthrene and the original mixture were plotted on the chart shown in 
Figure 5.13. The y axis is the log of the concentration at which a response is observed in 
multiples of EQS units and the x axis is the biomarkers tested, giving a `biomarker 
response curve'. Field sites were first assessed as stressed or not by the most sensitive 
assays (neutral red and T battagliai LC-50), those with the lowest response 
concentration, then the next most sensitive (the GST assays) and finally the least 
sensitive, those with the highest response concentration, (the mussel heart rate and crab 
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Figure 5.13 The log of the concentration in EQS units at which a significant biomarker 
response (n = 8) was observed following exposure to the copper-phenanthrene (cu & 
phen, 1: 1), and original (orig mix, *) mixtures. A best fit curve is plotted through the 
points. mnr, mussel neutral red retention time; mbflv, mussel lysosomal enlargement; 
tisbe, Tisbe battagliai LC-50; cnr, crab neutral red retention time; cgst, crab GST 
activity; mtx, Microtox®; chr, crab heart rate; mhr, mussel heart rate; cmt, crab 
metallothionein; cbflv, crab lysosomal enlargement. 
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metallothionein assays). The number of assays that lit up any one site was proportional 
to the degree of contamination. If specific assays lit up, the type of contamination could 
also be postulated. 
5.5.2 Biomarker response curve results 
Based on the biomarker response curve, the sites can be divided into control and 
exposure groups using the neutral red assay, then further into a potentially more polluted 
sub-group of Greatham Creek Hartlepool Power station and Tees storage using the 
results from the T. battagliai assay, the Tees Storage site separating out again when the 
GST results are considered. This method of grouping the different site backs up the 
MDS results and agrees with the environmental data. 
5.5.3 Biomarker response curve discussion 
The biomarker response curve although not as visually descriptive as the MDS plot and 
dendrogram, may be useful in the analysis of effluents of unknown toxicity. The relative 
toxicity of different effluents estimated by considering which biomarkers gave a 
response. If biomarker response curves were established for other mixtures and shown 
to follow similar trends, it may even be possible to quantify the toxicity of an effluent. 
The curve could also potentially form the basis of an effluent toxicity screening 
procedure, and be used in validating the tiered biomarker approach to toxicity testing 
which is frequently advocated (Sanders 1990, Depledge et al. 1993). The most sensitive 
biomarkers would be the first techniques used to test an unknown sample and if a 
positive result was obtained the biomarker tests higher up the curve could be used. 
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The successful use of the biomarker response curve in the analysis of the field data in 
this experiment shows that there may be some possibility of relating laboratory and field 
responses, even if it is only the relative concentrations at which effects occur. The 
environmental relevance of biomarker studies in the laboratory is obviously a key 
concern within ecotoxicology and the fact that the more sensitive biomarkers in 
laboratory studies were also shown to respond more readily in the field suggests that it 
may be possible to carry out environmentally relevant laboratory testing of effluents 
prior to release into the aquatic environment. The biomarker response curve supports the 
theoretical curve of Depledge et al. (1993), which links the physiological impairment of 
an organism with its health status and proposes a number of biomarkers be used to 
assess the degree of deterioration. 
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Chapter 6: Conclusions and Future Work 
This study has produced one of the first systematic descriptions of the responses of a 
variety of biomarkers to mixtures of contaminants commonly found in industrial 
effluents. The current procedures for effluent assessment and control are based on the 
determination of concentrations of a range of contaminants and the comparison of these 
to environmental quality standards. These standards have been defined by a risk 
assessment process which is based on single contaminant toxicity studies. It has been 
recognised that this procedure is not adequate to protect the environment (Matthiessen et 
al., 1993; Wharfe, 1996) and biomarkers have been proposed as an alternative. 
Biomarkers have been tested in many laboratory studies with considerable success; a 
wide variety of biomarker responses have been measured in many organisms following 
single chemical exposures to a diverse range of contaminants. However, little work has 
been carried out on the effects of arrays of contaminants on biomarker responses nor 
have many field trials been carried out. 
This work identified suites of biomarkers which were suitable for use in laboratory 
based assessments of complex chemical mixtures and in field studies. The techniques 
chosen were validated against toxicity tests, and found to offer realistic complementary 
procedures to existing toxicity assessment and monitoring methods. Laboratory 
experiments were carried out which demonstrated the ability of biomarkers to provide 
information concerning major organic and inorganic components of complex 
contaminant mixtures. The capacity of biomarkers to reflect increasing concentrations of 
contamination was also assessed. In addition the ability of a suite of biomarkers to 
determine environmental quality in the polluted Tees Estuary was demonstrated in a 
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field trial. Finally the potential of multivariate statistical techniques to recognise patterns 
of biomarker response to contaminant mixtures and to visualise the results was shown. 
Biomarker responses to contaminant mixtures in the laboratory 
The biomarkers chosen and tested varied in their ease of operation and in the sensitivity 
of their response. The most sensitive assays in the laboratory were neutral red retention 
time, in crabs and mussels, and glutathione-S-transferase activity in crabs. Both the 
assays showed significantly different responses compared with controls following 
exposure to the lowest concentrations of the original mixture (EQSIO in crabs and EQS1 
in mussels). The heart rate assay worked well in crabs and was more sensitive than the 
heart rate assay used for mussels: a significant effect was observed after exposure to the 
original mixture at EQS32 in crabs but only at EQSIoo in mussels. The lysosomal 
enlargement assay was as sensitive as the neutral red retention time assay in mussels, 
but required high exposures for an increase in lysosomal size to be observed in crabs, an 
increase was only observed following exposure to EQSIOO of the original mixture. The 
responses in crabs were also found to be unpredictable; both decreases and increases in 
lysosomal area were detected. The metallothionein assay in crabs proved to be relatively 
insensitive in laboratory experiments; high exposure concentrations were needed before 
induction was observed. 
The effect concentrations of the two toxicity tests, used to validate the biomarker 
techniques, were similar to the concentrations needed to elicit a response in the 
biomarker assays. The most sensitive toxicity test, the Tisbe battagliai LC-50 assay, 
responded at similar concentrations to the more sensitive of the biomarker assays, 
neutral red retention time, mussel BFLV, crab heart rate and GST activity, responses 
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were observed following exposures between EQS1 and EQSjo. The Microtox® assay 
showed a response at exposure concentrations of the same order of magnitude as the 
other biomarkers from EQS32 to over EQSloo 
Significant exposure response relationships were observed between the contaminant 
exposure concentration and biomarker responses in the crab GST and heart rate assays. 
A confusing relationship existed between exposure concentration and effect in the 
lysosomal enlargement assay in crabs, although a linear relationship was observed in 
mussels. The neutral red retention time assay showed an all or nothing response at the 
exposure concentrations used as did the metallothionein assay in crabs following 
copper-phenanthrene exposure. An exposure response relationship was observed for 
metallothionein after exposing crabs to the original mixture. 
The biomarker and toxicity test responses depended not only on the concentrations of 
contaminants present but also on the contaminant types. The neutral red retention time 
assay was the only biomarker which responded to similar concentrations of both types of 
contaminants (metal and organic chemicals). The toxicity tests responded to one 
contaminant type at significantly lower concentrations than to the other; the Microtox® 
assay was more sensitive to metals than to organic contaminants whereas the reverse 
was true for the Tisbe battagliai LC-50 assay. The metallothionein and heart rate assays 
did not show a response following exposure to the organic contaminants though a clear 
response was observed after metal exposure. 
In the toxicity tests additive toxic effects were observed following exposure to copper 
and phenanthrene alone and as a mixture but this was not seen in the biomarker 
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responses. However the biomarkers generally showed an effect following exposure to 
the more complex original mixtures at lower concentrations (in EQS units), although not 
statistically significantly so, than to the copper-phenanthrene mixture. This suggests that 
the greater number of chemicals present in the original mixture caused a slight increase 
in overall toxicity. The increase in toxicity was not as much as would be expected if the 
biomarker responses to contaminants in a mixture was strictly additive. 
Suites of biomarkers were able to provide much more information on the type and 
toxicity of contaminant mixtures, in laboratory experiments, than any of the assays 
individually, especially when the results were analysed using multivariate techniques. 
The exposure response relationship obtained for the original mixture using suites of 
biomarkers and multivariate analysis, was clearer than for most of the individual 
biomarkers. Multivariate techniques (MDS and cluster analysis) also enabled the 
classification of mixtures of chemicals according to the type of contaminants present. 
The exposure to metals (copper or the more complex metal mixture) was clearly 
distinguished from exposure to organic contaminants (phenanthrene or the more 
complex organic mixture) both of which were separated from exposures to mixtures of 
metal and organic contaminants (copper-phenanthrene mixture and the more complex 
organic and metal mixtures). The ability of suites of biomarkers and toxicity tests to 
suggest which type of contaminants are present in a complex mixture is a key feature 
which may enable identification of the most significant contaminants in an effluent. 
Such analysis has the potential to reduce the amount of detailed chemical analysis that is 
required for unknown or highly complex effluents or to point to the type of industry 
which may be responsible for the contaminant of concern. Similar types of contaminants 
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are often linked in industrial processes and so the class of contaminant causing the 
toxicity may be all the information that is required to reduce the toxic threshold. 
The SIMPER analysis program revealed which were the most useful biomarkers in a 
suite for differentiating amongst chemical mixtures or establishing an exposure response 
relationship. More importantly it highlighted the fact that no single technique was ever 
the major cause of dissimilarity between all pairs of treatment groups and again 
emphasised the usefulness of suites of biomarkers in creating a good overview as to 
contaminant type and toxicity. The results from SIMPER analyses would aid in the 
selection of the ideal suite of biomarkers. 
The Biomarker Response Curve was drawn following the observation that there were 
threshold concentrations at which the different biomarker techniques responded. As the 
relative sensitivities of the techniques in the field were similar to those observed in the 
laboratory, the Biomarker Response Curve was able to accurately assess the relative 
toxicity, to the crabs and mussels, of the various field sites. In a laboratory assessment 
procedure of unknown effluents the Biomarker Response Curve could be used to 
interpret information from preliminary tests and as a guide to which tests should be used 
for further investigations. 
Use of biomarkers in the assessment of environmental quality 
Once the ability of biomarkers had been proven in the laboratory their application in the 
field was investigated. The neutral red retention time assay in both indigenous and 
deployed crabs and mussels distinguished the Tees Estuary from the control sites and 
was more sensitive than the Tisbe battagliai LC-50 assay. The Tisbe battagliai assay 
282 
was of similar sensitivity to the GST assay in the field trial with both indicating toxicity 
at the more contaminated Tees Estuary sites. All of the biomarkers showed a significant 
response at, at least, one of the field sites: the responses were not however always 
attributable to contamination. The reduction in neutral red retention time and induction 
of GST were linked to industrial pollution; the increase in mussel heart rate and 
induction of metallothionein were thought to result from other causes. 
The individual biomarkers did not indicate a contamination gradient along the Tees 
Estuary. However, by analysing the responses from several biomarkers using 
multivariate statistical techniques the field sites separated out into clean and 
contaminated groups and a contamination gradient, increasing away from the mouth of 
the Tees Estuary, was demonstrated using both indigenous and deployed animals. This 
contamination gradient was consistent with the published contaminant data (Blackburn 
and Waldock, 1995; Dawes and Waldock, 1994; Law et al., 1997) and ecological 
community analyses (Tapp et al., 1993; Hardy et al., 1993; Hall et al., 1996) of the Tees 
Estuary. Multivariate statistical techniques have commonly been used to assess changes 
in the composition of biological communities along a pollution gradient but this is one 
of the first studies to show that such a gradient can be clearly identified using 
biomarkers in an environment with a wide range of contaminants, such as the Tees 
Estuary. The outputs from multivariate analyses, the MDS plots and dendrograms, 
succinctly displayed the integrated biomarker responses, in a way that is easily 
understood and clearly visualised. Multivariate analysis could therefore be considered 
for use as a sustainability indicator. A primary objective of the Rio Earth Summit was to 
find suitable indicators of sustainability that are easily measured and for which the 
results can be presented in a simple and easily comprehensible way (UNCED, 92). 
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Biomarkers as environmental monitoring tools 
The results of this study show that the use of a variety of biomarkers could readily be 
used in industrial effluent assessment in both laboratory and field situations providing a 
useful complement to existing chemical and biological toxicity assessment techniques. 
The incorporation of biomarkers into a tiered approach to effluent assessment as 
proposed in Chapter 1, and represented schematically in Figure 1.1, is displayed in 
Figure 6.1. Effluents, or field sites, would first undergo an initial screening using simple 
but sensitive non-specific assays in lower organisms (e. g. neutral red in mussels) chosen 
from the Biomarker Response Curve. If a response was observed, further tests using 
suites of more contaminant-specific biomarkers (for which higher organisms may be 
required) would be carried out. Figure 6.2 demonstrates how the type of contaminants in 
an unknown effluent could be assessed using contaminant specific biomarkers and 
multivariate analysis. Biomarker responses following exposure to an unknown effluent 
as well as a number of standardised solutions, containing known concentrations of 
contaminants, would be analysed using multivariate techniques, multidimensional 
scaling. The position of the unknown effluent on the MDS plot relative to the 
contaminant specific solutions would indicate the major causes of toxicity. 
The identification of basic contaminant types present in a mixture, for example metals 
or organic contaminants, could be used to indicate what further more contaminant 
specific biomarkers were needed for more precise toxicity evaluation, or the type of 
chemical analyses required. In addition these sort of techniques may be used in the 
environment to indicate the industries and waste streams that cause the most 
environmental degradation and thereby prioritise the areas in greatest need of 
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Preliminary Biological Assessment 
using established methods (i. e. toxicity tests) and including several general 
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Figure 6.1. A flow chart indicating how the Biomarker Response Curve and 
multivariate analysis could be incorporated into a tiered approach to environmental 
monitoring. Techniques currently in regular use are shown in blue, techniques discussed 
in this work are shown in green and actions to be taken in red. 
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Figure 6.2 A schematic representation of how multivariate analysis could be used to 
indicate the type of contaminants present in an unknown solution (e. g. X, Y and Z). X is 
representative of a solution of intermediate toxicity, with metals as the major toxic 
component; Za solution of intermediate toxicity, with organic contaminants as the 
major toxic component; Ya solution of high toxicity, with metal and organic 
contaminants contributing equally towards the toxic effect. 
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improvement before the OSPAR commitment to cessation of discharges, emissions and 
loses of hazardous substances by the year 2020 (OSPAR, 1998) can be achieved. 
This work has shown that biomarkers have the potential to be a valuable alternative 
environmental management tool especially when used in conjunction with multivariate 
analysis. They provide more detailed information than toxicity tests alone and would be 
a valuable additional measurement to include in direct toxicity assessment or toxicity 
based consents. Biomarkers were also shown to be useful indicators of environmental 
quality in the field which complement existing chemical monitoring methods. 
Recommendations for future work 
Future work on the application of biomarker techniques in the assessment of both 
industrial effluents and environmental quality, suggested by this study, should be 
directed towards the following: 
1. Refining the techniques and test organisms included in the suite of biomarkers to 
ensure that they are the best available. 
2. Investigate more contaminant specific biomarkers such as those sensitive to 
genotoxic, and estrogenic compounds. 
3. Investigate whether biomarker response curves produced by a number of mixtures are 
in agreement in order to validate fully the tiered approach to toxicity assessment. 
4. Develop and test the tiered approach using the refined suite of biomarkers and 
toxicity tests on a series of chemically well characterised effluents covering a range 
of contaminant types and store the data on a data base to provide a comprehensive 
overview of expected toxic effects. 
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